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NATIONAL ADVISORY COMMITTEE FOR AERONAUTIC'S 


TECHNICAL MEMORANDUM NO. 1078 


EXPERIMENTAL AND THEORETICAL INVESTIGATIONS 
OF CAVITATION IN WATER* 

By J. Ackeret 


SUMMARY 


The cavitation in nozzles, on airfoils of various 
shape and on a sphere are experimentally investigated. 

The limits of cavitation and the extension of the zone of 
the bubbles in different stages of cavitation are photo- 
graphically established. The pressure in the bubble area 
is constant and very low, jumping to high values at the 
■end of the area. The analogy with the gas compression 
shock is adduced and discussed. The collapse of the bub- 
bles under compression shock produces vory high pressures 
internally, which, according to more recent conceptions, 
are contributory factors to corrosion. The pressure re- 
quired for purely mechanical corrosion is also discussed. 


I. GENERALITIES 
1. Preliminary Rea'arks 


In hydrodynamics it is generally permissible to treat 
water and the majority of liquid fluids as incompressible 
fluids. Even at the highest pressures attainable (of the 
order of magnitude of 1000 m of water) the donsity of 
water >is only about l/2 percent higher than normal. So, 
while the high-pressure side scarcely holds any surprises 
in store, the' zone o-f low pressures involves one important 


*"3xperi-mentelie-' und theoretische Unt or suchungen ttbcr 
Kohlraumbildung (Xavltati on ) -im Wpsser . " Eidgenbssischen 
tcchnischen Hochschitle' ih -Zurich (Berlin), 19’30, 
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limit: • th& saturat-icrji ;p:re;s :suf.'e of -vapor-. d /O'h-c e the pres- 
sure reaches this value during flow, the fluid loses its 
homogeneity and enters the phase of fluid and gaseous 
mixture, whereby the gas! '30 us : phase , -in general , consists 
of a mixture of other gases . This is t ermed ''eavitat i on . * 

It; was ■■ hardly ■ t o be' expe'cted that the complicated 
phenomena would he studied with special interest from the 
physical point of view* and it ’has been, in fact, unbeliev- 
ingly neglected, despite the fact that in principle it 
was w.ell known. . %*;'•; . V 

Engineering necessities finally forced the resumption 
of the problem about two decade's ago; but today, the mat- 
ter has al ready reached the stage where cavitation has a 
decisive influence on the design of hydraulic machinery 
and defines the limits of technical possibilities. 

Turbines, as is known, have t e'en built for over a 
hundred years, but it remained for the trend toward high- 
speed engines to discover the fundamental difficulties of 
cavitation, just as the introduction of the steam tur'bines 
on ships led to the most disagreeable surprises because 
cavitation became especially apparent at the higher pro- 
peller revolutions per minute. 

Cavitation nearly a.lways increases the losses, lowers 
the efficiency, and reduces, the transferable energy. But 
it may also be accompanied by especially disagreeable ef- 
fects, the dreaded corrosion - that is, spongelike pit- 
ting which frequently occurs very severely in the most 
unexplainable way and which, even today, has never been 
definitely explained. , 

The present report is an attempt at a reliable de- 
scription of cavitation in water and a rational explana- 
tion of the observations. Admittedly, the tumultuous be- 
havior of all cavitation phenomena makes the use of 
average values unavoidable; furthermore, the many con- 
currently acting effects, such as heat conduction, cap- 
illarity, friction, evaporation, and diffusion perhaps 

*3veh before vaporization dissolved gases arc sepa- 
rated at 1 ow pressure (Henry's lav;), although usually 
small in. amount compared with the vapor masses released 
On reaching vapor pressure. An important exception is, 
of course, strongly carbonated water. 
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always will have to "be classified according to order of 
magnitude of effect and only the strongest terms retained. 
Even so, the problem becomes difficult enough mathemati- 
cally. 

The investigations, at first only preliminary studies, 
extended over several years. 

The preliminary tests, described in a short note (ref- 
erence l), were carried out in the Institute of Applied 
Mechanics at C-Uttingen. They served as a basis for the 
design of a larger experimental cavitation research plant 
constructed in the hydrodynamic laboratory of the Kaiser 
Wilhelm Institute for Flow Hesearch, Gottingen, and with 
which the first results described hereinafter were ob- 
tained. 


♦ 


2. The Appearance of Very Low Pressures in Fluids 

Consider, for the present, irrotational fluid mo- 
tions - that is, a velocity potential Then the pres- 

sure equation (reference 2) for incompr es s ihl e fluids 
reads : 


P 



p & 

at 


(i) 


whe r e 

c = v u 3 + ^ + v y velocity 
Y 

p = — density 

S 

p absolute pressure 

In the stationary caso equation (l) becomes the Bernoulli 
equat i on 



. If at any point the velocity becomes 


* 


2n 


o 


c = 


P 


(3) 
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p becomes zero at that point, and cavitation sets in. It 
actually occurs even at lower velocity "because on reduc- 
ing the pressure the dissolved gases, are liberated, and on 
reaching the vapor tension the fluid begins to boil. 


The tern 



in eauation (l) is of importance in 


nonstationary processes. For instance, take (fig. l) a 
horizontal conduit with a plunger moving n onumi f ornly 
toward the right at speed u and drawing fluid from the 
large tank at the left. The pressure in the tank at the 
lex'el of the plunger axis is p 0 = 3 + pgh (3, baro- 
metric pressure, g, acceleration of gravity), and x is 
the abscissa of the plunger travel. Then 


of the pipe. Strictly 
is a little forward of 
the start of the cylindrical piece, although no exact 
"orifice correction" is attempted. 

Hence , at point x , 

_ du 
dt dt 

and the nonstationary pressure portion 



This portion of the pressure drops linearly, and even the 
total pressure may drop readily to zero at small accelera- 
tions, provided x is great enough. 

If the fluid motion is not irrotati onal , then equa- 
tion (la) holds for the individual flow filament but not 
for the total fluid mass. If the flow is turbulent, the 
pressure itself fluctuates very rapidly in time and place. 
The introduction of the mean values of the flow quantities 
alone in the motion equations does not give the absolute 


u = ~ — 
ox 

and in a certain time interval 

$ = u x 

x being counted from the start 
speaking, the starting point A 
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lowest pressures (ne.oessa.ry for the appraisal of the cav- 
itation hazard) but higher pressures (as pointed out .by 
R. von llises ) , 

How it is of interest to know these pressure differ- 
ences even if onlr approximate, since turbulent flow is a 
frequent occurrence in technical problems. For instance, 
suppose that on a linear flow of velocity U there is 
superposed a turbul.ent flow consisting of individual vor- 
tices rotating in the same direction (fig. 2), the vortex 
axes being arranged .in a square screen of 21 mesh width, 
the rotation being in circles, the remaining corners being 
at rest relative to an observer moving with the basic ve- 
locity U. The velocity c is distributed parab ol i cally . 

Int r oducing ’ - X, gives: 

c = 4c max < x " x3 ) 

r j . 

The rotatory motion is readily deduced: 


dp c 3 

— = p — or 
dr r 


dp c 3 

= p _ 

dx x 


Integration gives for the pressure difference between the 
vortex core (p a ) and a point of the circumference (p 3 ) 


Pa “ Pi * | P c 3 max 


(3) 


Naturally these assumptions are quite arbitrary; but even 
so, the order of magnitude of the pressure differences 
should be correct, the more so as no assumptions need to 
be made regarding the length l. About c maX itself very 

little data are available. According to Burgers' measure- 
ments, it is about 0.05 in a certain case for c.„ ax /U. At 

the same time, this gives, however, a relatively unimpor- 


tant pressvire reduction, namely 
the velocity head T J 2 . 

2g 


2 x — x 0.05 2 = — *= — of 
3 150 


6 


: JTA'OA TK IT o . 1078 

In very turbulent dead, ..air (iCafma.n ’vortices ) , the 
relative velocity variations are, of course, much greater; 
the lowest pressures will have to he looked- for in the 
strongly rotating vortices. This has been confirmed by 
experiment. (See sec. 4.) 

Cavitation ' is readily produced in the great vortices 
leaving the tips of airfoils or ship propellers, the blade 
tips of high-speed water turbines (so-called slot cavita- 
tion) and the .hubs of propellers and turbines. Flamm has 
secured some very interesting stereoscopic views of such 
vortices. (See reference 3.) 

For wing vortices- Prandtl 

•-i ;.!•> 

distance l = — b (b , span; 

4 

tex core ) . 

Disregarding the generally small natural motion of 
the vortices gives the pressure within the core as 

p ry _ piy 

2 4Tr 3 r a 2 a 4Tr 2 r 1 3 

if r 0 , circulation of the tip vortices;, and p , pres- 
sure- at great distance from the wing. With Prandtl' s 
value this gives 

pr 0 2 

, - J>a - f * — 3 - 41 

and finally*- a-fter posing F 0 according to the Kutta- 
Joukowski theorem : 



where c & = — c a ; c a , lift coefficients (reference 5, 

p. 32); 0 17 

U, blade velocity relative to water; -and t, blade chord 
in stream direction (blade length in turbines): 


P = P. 


To 3 


2 4Tr 2 r 1 ‘ 


(reference 4) gives as 

l 


r i = 


! -.16’ 


radius of vor- 
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Pa ~ P 


t3 


=■ c n — 1.7 05 

P_ U 3 a O ' b- 2 ■ • 

2 


(4) 


c aQ hereby refers to the center section (elliptic lift 
distribution); c g i s defined by equation (9). 

Practical values are c„ = 0.80 an (I • h-.= i.. hence 



0.13 


In turbines this tip vortex occurs as a sl.ot vortex. 
However, the slot cavitation is not summarily predictable 
on the basis of the jj receding formulas because the vortex 
int ens ity ; i s -d-iff'er ent and the natural motion' of the Vor- 
tices can hardly be overlooked. But even so, the values 
obt ained .with ..equ.a-ti o.n (.4) appear to be in agreement, to. k 
soa^e* extent , with th'o.s e obtained on the cavitation-turbine 
test stands. . 


_0n the hub- vortex It is- not -always- the evap or'atd on 
that causes .the .cavitation. Air is se-par.at ed, -even .at V 
much higher pressure than that of vapor saturation, whereby 
the backflow to the hub prevents the air from washing away. 
Besides, the centrifugal effect .drives, all bubbles occur- 
ring’ 'elsewhere toward the inside. Since the hoi law spaces 
remain, there is sufficient time. for the- dissolved gases 
to become free. 

The presstire in boundary layers is, to a sufficient 
degree of approximation, that of the adjacent undisturbed 
flow. A particle sticking deep enough in the boundary, 
layer remains, however, comparatively much longer in the 
zones of low pressure than those - flowing outside, so - that 
energetic air is released and vapor is formed. It seems 
therefore not at all impossible that by partial removal 
(by suction) of the boundary layers the cavitation, while 
not being prevented, is, however, weakened in effect. 3x- 
periments are lacking in this respect. 

The irrotational flow, known to be almost realized by 
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suitable body forms,. .is .mdch •-*. inf luenced, by Kirchhoff and 
Thomson's theorem.’ ""if the flow f r'pt at i onal , the 
lowest pressure (the highest speed) always exists some- 
where on the boundary walls, but not within the fluid." 

Kirchhoff *s proof is as follows (reference 2, p. '46 and 
reference 6 ) : t 

Since at * constant p 

dx 2 dy 2 bz 3 

0 cannot have a maximum or minimum within the fluid, ac- 
cording to a known formula of the theory of functions. 

But — ^ also has this, characteristic. Hence, there are 

dx : . < 

always* points of greater in the proximity of a point 

dx 

P, and of greater velocity - that is, lower pressure. 

The ...lowest pressure must therefore occur somewhere on the 
b oundary . 

% 

This important theorem becomes more plausible from 
the following more circumstantial but less formal reason- 
ing: 

Take a point P on a stationary streamline (fig. 3). 
Plotting axes x, y, and 7, with x in the flow direc- 
tion gives u = Cp, v * 0, » s 0, 

Then the following statement must be proved: always 

there is at least one point in the proximity of P where 
u > Cp ; in general, v and. w then will be other than 

zero, so that c = */u 2 + v 2 + w 3 is even' greater than 

at P. After writing u - cp = 6u, the existence of 

points with positive Su in proximity of P must be 
proved; P in a paralleliped A3CDEP3-H flat in stream 
direction is endorsed. -1’ow, if 8u, say, were negative 
everywhere - that is, the theorem invalid - it would mean 
that', aside from tile principal flow, fluid .would pass in 
negative direction -through the two sid.es .A3 CP and EP.G-H. 
In that case, however, 6u cannot be equal to 0 in P, as 
is readily apparent when the flow freed from .Cp . is 
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presented, "by suitably distributed sources and sinks on 
ABCD and BPG-K, respectively, which is possible when the 
floiir is irr otat i onal . In order to' obtain 5u = 0 in P, 
sinks would have to be disposed on SPGH or sources on 
ABCD - that is, 5u would have to be positive there, at 
least in some points. “ ? 

Incipient cavitati on . is therefore to be expected 
particularly at points of highly convex walls, for in- 
stance, on the suction side of blades.* 

Ihis conclusion is fully confirmed in the tests with 
the previously cited important exception of spheres and 
cylinders in pronounced vortex formation, where cavita- 
tion occurs first in the cores of the detached- vortices . 


- r ' • V / . . 

3. Behavior of Water at Reduced Pressure 

r*. »*\ . . . * 

" At ‘ reddcexi ;pr essure the detached gases are released 
first (preferably on rigid walls);* then, af,t-er the- -satura- 
tion pressure is reached, the actual vaporisation starts 
with the formation of bubbles. 

• » In Van der Waals 1 phase diagram (fig. 4) this process 

corresponds to a motion from A toward- 3, etc. (appro- 
priate heat input and removal to provide' for—the isother- 
mal process). Formally the evaporation starts then at 3. 
But it was found that 3 can be undercut in direction 
toward C, This requires a very pure, gas-free fluid in 
perfectly clean vessels. J. Meyers has treated this sub- 
ject thoroughly, (See reference 7.) He not only suc- 
ceeded in reaching zero pressure but- also in producing 
tensile stresses in the fluid, Por distilled water 

he obtained ct 2 = -34.0 atmospheres, for ethyl ether, 


♦When bearing in mind the great water falls utilized 
today in 'pdifer plants, it is readily apparent that even 
relatively small local "over speeds” are potential sources 
of cavitation.' , On the 1680-meter fall (Pully in Wallis) 
the pressure near the free jet nozzle orifice becomes, zero 
when the local velocity exceeds the discharge velocity 
(177 m/sec) by only *0.3' percent. ' Such high-pres sur.e noz- 
zles; -mus-t therefore b.e ..designed wi th considerable conver- 
gence i : h order that the pres.sure toward the mouth drops 
monot ©ni 6 -t o ■ atmospheric .pres sure. ’ • 


• 10 


IT AC A TH Ho. 1078 

-72.0 atmospheres; without that these figures should he 
regarded -as natural l’inits, the maximum negative pressure 
, being largely dependent upon contingencies. ; 

Figuring with "the reduced Van der Waal s - oquat ion 
( TX + — ^ (3Cp - 1) = 8$ 

\ ' 9 3 A . r.: " ~ 

xvh ere 

tt reduced pressure 

- : • ■ , * f 

• . • . , . . 

cp reduced volume ■ * 

„ •:* r * ;* o . ‘ . • r - 

^ reduced temperature 


and assuming the critical quantit 
T]j= 647° absolute p^s 224.2 kilograms 

»ies 

.. ^ % , . . ' ^ v. r ; 

per square centimeter Absolut 

r. ' v i 

gives for the 

pressure minimum C 

' (fig. 

4) according to 

V ( 3cp 

i - ; : j 

1 8d 

3 \ 

1 fi (5 > 


l - 

O 

1 

o 

1 

. P o 2 1 

the foil dwi n g 

figures : 




t" = 18° 

<J z = -1075 kilograms per 

square 

centimeter 

’’ 50.5° 
82° 

= -900 

— -710 . 





t ’ V . * 

These figures are considerably' higher than Meyer’s 
figures. Hence the maximum tensile stresses may he con- 
sidered' to he much greater than around 30 kilograms per 
square centimeter, even if the reduced equation for water 
is considered as not very reliable. 

The tensile strength also can he considered from a 
different 'point of view. Visualize extremely small par- 
ticles floating in the fluid or protruding from the 
boundary walls, and characterized by the radius r. It 
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is generally conceded that tearing as well as evaporation 
starts principally at such particles or protuberances. 

(See reference 7.) 'Reflecting that in this case the tear- 
ing consists of the separation of water from the surface 
of the particles and the bubble formed in this manner 
grows, the knowledge of the radius affords^a relation for 
the maximum negative pressure. That is, with a equal 
to surface tension and p equal to negative pressure: 

2rrrcr = TTr 2 p 

2o 2 a .. 

p = — or r = — (6) 

r P 


“ yn. r 

Assuming a = 72 -1 — and (according to Heyer) 

d, CHI 

p ^ 30 x 1C 6 the result is r £ C.5 x 1 CT 5 centi- 

cm 

meters - that is, an ultramicroscopic particle. The 
vapor pressure plays no essential part. Hence very fine 
impurities c.ould, after all, he taken into consideration 
as a cause of the tearing at relatively low tensile 
stresses. 

These considerations are of significance for the 
following reason: although it is certain that all indus- 

trial water contains so much of dissolved gases and im- 
purities • that . it always tears with bubble formation in the 
normal u static n tensile test, it does not, on the other 
hand, preclude the possibility that the tearing process 
requires a time interval which, in many practical cases, 
already is shorter, 

. In Bauer 1 s experiments, for instance,- (described 
elsewhere in the report) the water flowing past the sphere 
is under low pressure for about 0.6 x IQ?' seconds only. 

The water of the boundary layer, of course, is under low 
pressure longer. It would not be very surprising if they 
were actually accompanied by tensile stresses (even though 
of comparatively little extent). The author 1 s experiments, 
so far, have been negative in this respect. 

Once bubbles have been formed they become larger, be- 
cause capillary tension drops quickly, with the radius and 
the water evaporates. The rate of evaporation, however, 
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is wholly governed hy the heat input in the bubble due to 
conduction, which renders the entire process quite com- 
p 1 ex . ... . 

, ■ .1 • - ; ; * 

II. .EXPERIMENTS ABOUT THE FORMATION 
AND- DEVELOPMENT OF CAVITATION 
1. Preliminary Remarks 


The experiments described, hereunder were made in the 
Kaiser Wilhelm Institut for Flow Research at Gbttingen. 
Their chief purpose was to collect sufficient visual data, 
which, at that time (1926-27), were very few. There may 
have boon additional information in some progressive in- 
dustrial concerns, but little. has over reached publica- 
tion. * 

The experiments included tests with closed channels, 
airfoils (such as employed for ship propellers and hydrau- 
lic turbines), spheres and cylinders. The cavitations ob- 
served disclosed many common features. 


2, Tests on Closed Water Channels 

A convergent-divergent channel of L fers a good oppor- 
tunity for producing and observing cavitation in simple 
manner. According to Bernoulli's la w, the lowest pressure 
(and hence cavitation) occurs in the narrowest part of - 
the channel, and which is, according to Kirchhoff's theo- 
rem, at the walls. 

If pj is the absolute pressure in the tank out of 
which the water flows, p 3 the barometric pressure, and 
p m the pressure in the narrowest section, then 

P s 

Pi “ Pm ~ 2 W/a 


’"Professor Dubs states that back in 1908 he had made 
experiments with convergent-divergent nozzles on the oc- 
casion of a report by Camerer (reference 8) published in 
Dinglers polytechn. Journal, 1902, p. 677. The results 
of his pressure measurements are similar to those de- 
scribed in pt, II, sec. 2, (Soe also reference 8.) 


NACA Til No. 1078 


13 


for potential flow. and. very approximately also for real 
fluids, "because the losses are snail in accelerated flow. 
In the adjoining divergent part of the channel, kinetic 
energy is changed hack to potential energy (diffuser ef- 
fect), hut wi th substantially greater losses. 


The pressure rise is 

Pa - Pm = V | U m 2 - w 2 2 ) 

where. denotes the diffuser efficiency. 

Cavitfetion -starts at low p m ‘ (of the order of mag- 
nitude of vapor pressure at corresponding temperature). 


Since p Q & 0, 




i i) + ^ w 3 



and, since w 2 is small, 


Pi’- P P = ? w»i 2 (1 - '10 



( 7 ) 


and, with . pj 




Pi 


Pa 

M/ 



Since p 2 s 10 meters of water, ^ s: 0.7, it requires 
only about 4,3 meters overpressure to produce cavitation. 
In fact, cayitation can "he produced easily 'with -the -.com- 
mon water line of a house. 


In a preliminary test on & nozzle with flat side 
walls, as illustrated in figure 5, the plotted pressure 
distribution curves were obtained. The pressure was re- 
corded with orifices of 1 / 2-mil 1 imeter width on one of 
the curved flanks, the water flowing from a tank through 
the nozzle and a sheet-metal diffuser to the outside. 

The tank pressure was raised progressively which, at the 
same time, increased the throughflow quantity. This was 
measured directly with a rectangular tank as well as in- 
directly in good agreement with it from the tank pressure 
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drop to the narrowest section. The 'barometric pressure 
was 750,5 millimeters, of. mercury, the -water temperature 
10.4° C, and the corresponding vapor pressure 9,2 milli- 
meters' of mercury. At 11 , 0-meter s,-p er- s ec ond mean veloc- 
ity' in the narrowest section, the pressure in the enlarged 
•portion of the nozzle (flow from left to right) still 
rises normally, likewise at 13,1 meters per second. But 
at w rn = 14.4 meters per second a distinct divergence is 
noticeable; the pressure rise following the minimum is 
very flat, then climbs considerably. .At still further in- 
crease of velocity the rise turns toward the right so 
that at 15 meters per second, for instance, it is entirely 
out of measuring range, and the pressure behind the narrow- 
est section is almost constant. There is hardly any doubt 
that cavitation prevails; because the recorded minimum 
pressures lie, within the limits of error, in the region 
of vapor saturation pressure. 

V t * • 

It soon became apparent that this behavior was typ- 
ical and accordingly repeated itself on blades, and so 
forth. ' Observation through a glass window" shows the fluid 
clear at 11 and 13 meters per second, but in the stages 
of forming a band of white foam on the sides of the noz- 
zles at 14,4 and 15 meters per second. It extends just 
as far as the range of low pressure and disappears in the 
zone of pressure rise. 

The phenomenon is not quiescent, the mercury manoim-, ,• 
eters fluctuate irregularly. First of all the start of 
the separation was not locally defined and fluctuated er- 
ratically. So in these experiments and the subsequent 
ones the simple expedient of: soldering 0, 2-raillimeter 
gage wires crosswise to the flow directly ahead of the 
narrowest section. was preferred. The f oam"'then appear qd 
with great certainty at that point, and the entire process 
remained more uniform. Admittedly, the point of disap- 
pearance of the bubbles - that is,, of the pressure rise - 
was never very accurately fixed; hence, all pressrire read- 
ings present averages only. 

After the first tests it was suspected that the dis- . 
appearance of the bubbles and the pressure jump associated 
with it forms an analogy to the stationary compression, 
shock (Niemann, Stodola (reference 9)). The subsequent 
tests served to confirm thi s ; suppositi On. 
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Then a new experimental apparatus was: constructed 
(fig. 6), which differed from the first chiefly in the 
dimensions w'ith a view to photographic and kinemat ographic 
recording (a relatively thin water sheet). 

\ 

It consisted of a convergent-divergent channel with 
two flat sides, a minimum curvature of the other walls 
assuring a close approximation to a unidimensional flow. 

The setup was connected to the water line of the institute. 
A honeycomb was mounted ahead of the contraction. The 
actual test length of the rectangular cross section was 
of brass and so designed that the processes could be con- 
veniently observed through two glass plates. In some 
pressure measurements one of the glass plates was removed, 
and a brass plate fitted with pressure leads-. p a « Pi ••• ?io* 
(See fig. 6.) The test orifices were of l/2 millimeter di- 
ameter, the edges were not rounded off, though the burrs 
were carefully removed. U-tubes containing water on top 
of mercury in both legs, served as manometers. (See fig. 

7.) The leg on the external pressure side of the U-tube 
held the rubber tubing reaching into a tank filled with 
water, the level of which was on a level with the test 
point, so that height corrections were not necessary. At 
such pressure measurements the cavities which naturally 
also form in the test lines on the 1 ov-pre s sure side must 
be carefully taken into consideration; for the vapor pres- 
sure of the water is very accurately reached. All lin.es 
were made of glass so that the bubbles in the pipes could 
be observed and appropriate corrections be effected. 

Care was taken so that the low-pressure distances were 
disposed as flat as possible to keep those corrections to 
a minimum. The absolute pressure was recorded directly, 
from time to time, with a U-tube closed at one .end and 
containing mercury. But the instrument did not prove as 
practical as anticipated, at first, because it also re- 
quired height corrections, which, on the whole, were much 
greater than with the common U-tube. 

The readings were taken when the pressure difference 
P a ” Po» which is a measure for the throughflow quantity, 

remained constant for some time. This way even the minor 
pressure variations in the house water line did not be- 
come disturbing. 

The divergent discharge pipe was fitted with a throt- 
tle valve and a simple regulating device by means of which, 
at constant throughflow, the absolute pressure in the 
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whole apparatus could he raised or lowered. The water 
was measured with a calibrated container, 

First the pressure rise p - p., in the enlarged 

part (diffuser) of the test channel was measured at flow 
without cavitation and, in addition, computed.- from the 
cross-sectional dimensions according to Bernoulli's equa- 
tion (fig. 8); the nondimons i onal formula — — ~ ~ - a - was 


plotted as ordinate, whereby 



The previously 


cited diffuser efficiency (or better, the degree of pres- 
sure conversion) for test point 8, for instance, is ap- 
proximately ; 



<Pe 


~ Pa 


observed 



c o input ed 


80.5 percent 


a vja-lxie. which is in agreement with experiments olsev/he're, 
(See .reference 10.) 

As- far as the narrowest section the- losses are small, 
as seer, from a comparison of the direct volumetric water 
measurements with those computed from the pressure drop 
Po “ > ) a» according to Bernoulli, if the inflow velocity 

at test point p 0 is allowed for in the calculation, The 
v olumet r i call-v defined water volume is 2.4 percent s less 
and served in; all subsequent calculations. The dynamic 
pressure therefore refers to the actual quantity of 
throughflow. 


The pressure measurements at points 1 to 1C are 
given in table I and 'plotted in figures 9 and 10. As in 
all subsequent tables the pressure is expressed in meters 
of water column. The quantity of water in figure 9 was 
always around- 1,47 liters per second, and 1.69 liters per 
second in figure 10, The character of both families of 
curves obviously is identical. It is plain that the six 
lower curves of figure 9 merge in proximity of the criti- 
cal section - that is, that across this distance no 
change in floitf condition takes place in spite of the. var- 
iation in back pressure on the discharge end. So, not- 
withstanding further throttling, it was not necessary to 
change the inflow pressuire p 0 (see table I) in order to 
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obtain the same throv.gnflow of water. The pressure in 
the narrowest section does not increase until the back 
pressure is high; when, of course, the inflow pressure 
itself must be raised in order to assume the same through- 
flow quantity. (See table I, last line.) This behavior 
is perfectly analogous to that of the flow of gas through 
a Laval nozzle, where the throughflow quantity also does 
not change when the back pressure is changed. It is knov/n 
that supersonic velocity prevails in the divergent part 
and that disturbances cannot react as long as the momen- 
tary sonic velocity remains exceeded at some point. 
Throttling produces the well-known Ri emann- St odola sta- 
tionary compression shocks which approach the critical 
section as the back pressure is increased. Ultimately 
the shock reaches the narrowest section, every supersonic 
velocity disappears and the nozzle operates as diffuser. 

Here the similarity of the visual phenomena is such 
that a natural temptation arises to push the analogy fur- 
ther and see whether the interval mechanism accompanying 
the gas shock also is related with the cavitation shock. 

Here direct observation alone is decisive; so an at- 
tempt was made to render the processes in the nozzle vis- 
ible. 

Obviously, visual observation and ordinary photogra- 
phy with exposures of the order of magnitude of l/lO sec- 
ond afford only average values, since the cavitation phe- 
nomena are, in general, not uniform. Photographs of this 
type are shown in figures 22 to 26 and 32 to 33, 

It became obvious that instantaneous photographs of 
very short exposures (lO -5 to 10~ 6 sec.) should be taken 
by means of strong electric sparks. In this time inter- 
val an object moving with the water, such as a steam bub- 
ble, K.oves about 0,2 to 0.02 millimeter at a water speed 
of around 20 meters per second; hence, assures sufficient 
sharpness on the film. Obviously > the light of the spark 
loses much of its optical, efficiency during its passage 
through glass plates and layers of water. Por this rea- 
son, the dimensions of the test nozzle, as previously 
stated, were chosen comparatively small,.’ 

However, the cavitation boundary manifested fluctua- 
tions v/ith widely varying frequencies; whereas relative- 
ly slow changes in the position of the shock area are 
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especially desirable for the appraisal of the pressure 
readings, since the mercury nanometers .used had quite 
slow natural oscillations ahd consequently indicated only 
average values even of those slow fluctuations . 

In order to penetrate a little deeper ^ photographs 
were taken with 100 pictures per second, which at least 
explain the small frequencies. Despite its elementary 
character the setup employed proved satisfactory. The: 
rim of a bicycle wheel Was filled with paraffin, turned, 
and covered with a stando.rd size film (about 2 m long). 

The ttfhael was then placed in a lightproof box and driven 
from, without by a small motor. The lens was taken from a 
small Ica- ll Xinam 1 o"-moti on-pietur e camera. The original 
light source, sparks between copper tips, was given, up 
after it was found that elektron (consisting largely of 
magnesium) gives very bright sparks. A focusing lens 
projected the light through the channel on to the film. 

The high-tension current was supplied hy a small trans- 
former connected to one phase of the alternating-current 
circuit and hooked in parallel with nine Leyden jars. 

Thus the sparking' order was eq*aal to twice the power 
source frequency - that is, about 10C per second. Unfor- 
tunately it was not always possible to achieve uniform 
arcing over; although that is more of an error in beauty 
than an actual impairment of the results. 

Figures 11 and 12 show two enlarged film sections. 

The flow is from left to right; the bubble area is shown 
as the white shadow picture on the sides. The three pic- 
tures were taken at exact intervals of l/lOO second each. 
Figure 12 shows the foaming by slight throttling, and 
figure 11 with considerable throttling; here it has al- 
ready retreated more toward the narrowest section. 

Next, some closely spaced pressure orifices were 
drilled into one side (as in the prelirainary test, fig. 

5) for exploring the pressure distribution in the after 
portion of the foam area. The results are given in ta- 
bles II and III, and figure 13. The orifices are numbered 
from 11 to 15 downstream , the pressure record is given in 
meters of water. The individual curves refer almost ex- 
actly, :to the same quantity of water; hut the form strip 
ext ends [Unevenly as a result of different throttling. 

The top' curve refers to cavitation-free throughflow; the 
next ones refer to throughflow at which the shock in av- 
erage .time, reaches, according to direct observation, the 
text orifices 11, 13, 13, 14, and 15, which are spaced 3 
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millimeters apart, and as far as points 16, 17, and 18, 
which are 3, 6, and 9 millimeters, respectively, down- 
stream from test point 15. 

It is readily seen that the pressure rise p 15 - Pn 
is considerably greater when the shock occurs in the zone 
of tiie test length than when it does not reach it or even 
leaves it behind altogether. Hence the assumption that 
the end of the foam strip is the location of a pressure 
jump appears to be confirmed. From these findings vari- 
ous conclusions as to the form and size of pressure jump 
are permissible. 

Figure 14 shows — 1 — where p n is. the pres- 

' ' ' :f " : “ ; q 

O p 

sure at one of the test points 12 to 15 and q = — w m 

2 

is the dynamic pressure, the mean range of the shock serv- 
ing as abscissa. The test points are joined by curves 
having a characteristic maximum. 

How, if the shock were an actual discontinuity in 
the pressure, entirely different curves would have to re- 
sult. At a certain point, say, at 15, the pressure would 
have to be high almost constantly so long as the shock 
occurs in the positions 11, 12, 13, or 14. Then on pass- 
ing through 15 there would be a sudden drop to zero (15 
and 14 would have the same pressure). Likewise, the difi' 
ference for shock positions upstream from point 11 would 
have to "be small and assume the full amount suddenly on ' ' 
passing beyond 11, The curves would, in short', have to 
be rectangular. 

But the shock fluctuates, according bo the observa- 
tions, back and forth over the test point; while the ma- 
nometer indicates the time average of the pressure fairly 
accurately. This naturally blurs the relativeiy .atcep 
pressure rise and simulates a more continuous' transition. 
The recorded pressure depends, upon the time average as 
the high- or iow-'prossurc zone downstream or upstream from 
the shock hovers over the test point. The curves of fig- 
ure 14 afford an estimation if accompanied by data on the 
local fluctuation. In the case in question the position 
of the shock point was obtained from the film records at 
intervals of l/l00 second, A rough average was ±3 milli- 
meters - that is, twice the distance of two test' ori'fices,. 
It further is justifiable to assume that on the average 
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the shock oscillates hack and forth, at constant velocity* 
Then the frequency becomes subordinate.-. if or the . subsequent 
considerations. ' . ' . ' 

t .. v • i. ^ v ' “ 

figure 15 shov/s a form of pressure jump the hack and 
forth swing of- which to the amount of ±3 millimeters is -a 
fairly accurate picture of the pressure distribution, 
consisting essentially of three straight lines -of differ- 
ent slope. Naturally the choice of slope ! and of, the , . ~ 

height of jump is somewhat arbitrary; hut. even .so, these 
are some restrictions. 

.. . • * 1 “ ‘ % - :j ; • • *, - * . 

Assuming this shock to swing ±3 millimeters about 
the median position, or what is called the mean range (ll 
to 18), the average value of the pressure is readily com- 
puted graphically or mathematically. The ascending slope, 
of the upper and lower straight piece are so chosen that 
the measured shock values at the extreme left or extreme 
right are correctly obtained, leaving only the slope and 
height of jump in the middle to he determined. Take, for 
example, a certain slope and amplitude and determine 
P 1 2 ~ Pn 

, and so forth; the result is a set of curves 

8 

as shown in figure 14, which, however, must he reconciled 
as to scale and mutual position with the experimental 
curves. On the other hand, the use of the experimental 
curves to determine the two missing pieces results in the 
curve of ..figure 16, which actually is very similar to 
the experimental curve of figure 14 in many details. 

The form of the pressure jump of figure 15 is thus 
quite plausible. Its theoretical interpretation is given 
el s ewher e . 

Hence, if a pressure jump 1 extends over about 5 milli- 
meters,. it f oil ows , that an entrained floating particle or 
a s Vpur-i bubble speeds through this zone at a rate; of 20 
meters per. second within about 1/4000 second. The unu- 
sual phenomena involved herein are discussed later, 

• » r * ;; . ** * 

3 • Tests on Airfoil s v 

• 4 ;.*•**• 

i 

It is to be expected that phenomena. .similar to, those 
in divergent nozzles will also occur on' the suction side 
of airfoils where, in general, a drop in pressure to min- 
imum is followed by a pressuire rise. Tho pressure side 
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is less involved since the pressure is not lower than on 
the suction side even at the locally confined regions of 
lower pressure. At higher negative angles of attack, of 
course, the bottom surface 'becomes the suction side; then 
the separation starts there first. On thick airfoils and 
at very low press\ire, or at very high speed, the separa- 
tion can occur on both sides simultaneously. 

Cavitation on profiles is of greatest practical in- 
terest, especially on blades in cascade, such as used on 
ship, propellers and hydraulic turbines. The study of 
single blades of itself would not be so important; never- 
theless it seems advisable to explore the limiting case 
of very wide cascade spacing first. This case is treated 
more completely theoretically and is actually realized 
even on high-speed turbines and screws. 

The airfoils must be studied in a perfectly closed 
tunnel; this involves wall disturbances which are negli- 
gible only when the airfoil dimensions are small compared 
to the wall distances. No special efforts, however., were 
made to avoid these effects in order to obtain airfpil 
dimensions which permitted the pressure measurement s. at 
the drilled holes. In preliminary tests, to be surp, it 
had been successfully attempted to make pressure records 
on the bounding side walls rather than on the airfoil it- 
self and to extrapolate to the pressure, on the airfoil. 
(See reference 1.) 

But, quite apart from the trouble involved, it .was 
difficult to fit the airfoil tightly enough without at 
least partial equalization of the pressure differences on 
suction and pressure side, with, of course, errors diffi- 
cult bo control. Bor most practical requirements system- 
atic Cavitation tests on cascades will be difficult to 
avoid. Besides, tests on turbine wheels and ship propel- 
lers- are naturally of particular importance for the engi- 
neer, since he is ultimately interested in the. total ef- 
fect. 


The airfoil tests were made in the new cavitation 
test plant of the Kaiser Wilhelm Institut for Flow Re- 
search, which operates with a completely closed circuit, 
(See fig. 17.) The centrif\igal pump is located about 4 
meters (13 ft) below the test stand to assure freedom 
from cavitation. The motive power is an adjustable 
direct-current motor of 20 horsepower. The. 10-cubic- 
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meter tank serves to still the water and to remove the 
air bubbles before re-entering the test section. The 
space above the water can be evacuated or.be put under 
higher pressure. This has the great advantage of being 
able to change the absolute pressure of the whole system 
at will, keeping the same speed (i.o., the same Reynolds 
number), so t,hat the formation and the disappearance of 
the separation can be quickly and conveniently followed. 
The experimental pipe lines on the upper floor are shown 
in figures 18 and 19. The v/ater leaves the tank through 
a 450-millimet er-wide fitting in which a honeycomb of 20- 
millimeter mesh is mounted. The tapering pieces ulti- 
mately narrow the cross section to a rectangle of 102.5 
x 61.5 millimeters. All bends have a wide radius. After 
leaving the actual test section the water passes through 
an elongated diffuser. 

The test section for wing studies is shown in figure 
20. It consists of a square box with two round flanges. 
Solid brass plates or glass windows can be fitted on the 
two flat sides. Sealing the edges of the glass plates 
proved particularly difficult. Since the shocklike pres- 
sures deformed the glass plate, even putty did not pre- 
vent altogether the very disagreeable entry of the air 
from without, making it necessary to put the whole side 
plate under water. Then a small window set in the upper 
narrow side permitted spark illumination from above con- 
currently with observation through the side window. An- 
other small window on top enabled the illumination from 
above by spark and observation of the suction side. The 
airfoil models extended freely from a brass body adjust- 
able from the outside to any desired angular setting with 
respect to the water flow. 

The airfoil sections investigated so far are shown in 
figure 21 as A, 33, C, D, and S in order of thickness, A 
and B corresponding to airfoil sections 449 and 598 previ- 
ously tested in the Gbttingen wind tunnel. (See reference 
5, pp. 76 and 82.) All profiles had 1 / 2-m i 1 1 ime t e r pres- 
sure orifices; the three thin profiles could accommodate 
only throe orifices. The pressure was measured as custom- 
ary with mercury manometers. 

The study included: 

(1) Wind-tunnel tests on similarly enlarged models 

(2) Determination of pressure and water velocity at 

which separation sets in 
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* *• . 


. -i r. .. * ■ J • 

(3) Pressure measurements on the surfaces in opera- 
tion with and without cavitation. 

* ? 1 ** ' . 

The normal' wind-tUhnel measurements give (l) the 
cross-wind force A normal to the velocity at great dis- 
tance- from the airfoil, (2) the drag . W in direction of 
this flojtf, and (3) the moments M about a certain' point. 

The data are reoresented in nondijnens i onal form de- 


fined by 


P 2 

— tr 
' a 2 


= <>w o v ‘ 


r r 


(9) 


where 

p , d e n s i t,y 

n •*.• * f * ; * • 

v ••'undisturbed flow ’ ' 

■ - • * ' > *jr . . . 

F wing, area (chord times width) • 

• ••• . . ■' ■ •• 

t ch-ord •* •• 


k = c m — r 
m 2- 


Ft 


■i ; .* 




The moment ref erence point i's ’ arbitrarily chosen" as the 
most forward point of the wing chord. The results are. 
g-d-yan in tables IV to VIII. 

-•r . • J’ •• • • ■ r-.-,- ; . . 

- : The angle of attack cC^ is defined as the angle be- 

tween the wing chord and the direction of undisturbed 
flow. All values are reduced to two-dimensional flow ac- 
cording to the Prandtl-Betz theory (reference 5, p. 36), 
which accounts for the effect of the free tips of the 
airfoils in a perfectly satisfactory manner. 


The drag values of airfoils A and B manifest typical 
differences from- C, D, and E. The drag for A and 3 varies 
little over a; fairly wide range of angle of attack, while 
C, D, and E show a minimum at certain angles of attack. 

The thin sections have very low drag; but the ratio of 


lift to drag 



of particular importance in practice, 


is, nevertheless, no more favorable than on the thicker 
airfoil sections. 
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The : cav'd tat i on is especially evident when the pres- 
sure in the- whole system is changed at constant velocity. 

Uo disturbance is visible at high pressure; when the 
pressiire drops, the spark light shows plainly visible in- 
dividual bubbles at the surface in proximity of the lead- 
.ing edge. The bvibbles are round, frequently also hemi- 
spherical, and from t l to 4 millimeters in diameter. At 
this Stage the upper side of the airfoil does not show 
many bubbles at one time (perhaps a dozen). As the pres- 
sure continues to drop the number of bubbles increases, 
which, under customary illumination, then appear as white 
foam. Figure 22 is a short time exposure of this stage 
on airfoil A; the white form reaches only up to a certain 
distance from the leading edge. Upon further pressure 
decrease (fig, 23) this shock moves backward in the same 
way as on the diffuser. (See fig, 14.) 

The spark illumination then reveals a dense mixture- 
of bubbles of varying sizes; the foam covered area changes 
rapidly in size and shape. But the outside appearance 
under permanent lighting i*s surprisingly well reproduci- 
ble by simultaneous adjustment of outside pressure and 
velocity, Sven then no separation of flow is involved, 
which sets in rather abruptly at still lower pressure 
(fig. 24) and which is also reproducible. In this par- 
ticular case two distinct Helmholtz (reference ll) dis- • 
continuity surfaces as well as Hayleigh's flow about an 
oblique plate on the basis of Helmholtz's method were 
realized. ‘In engi-nd ; er"ing , cavitation is usually identi- 
fied with separation.* But according to the present re- 
sults it is permitted only at vhry low negative pressure. 

The thin airfoils manifested similar phenomena, ex- .. 
cept that the start of separation is much more indeter- y 
minate, in accord with theory, which also predicts cavi- ... 
tation at the sharp leading .edges at minimum velocity. 

(See figs. 25 and 26.) With the equipment available, it 
was impossible to reach separation on C, D , and 3, be- 
cause, at the low pressures necessary for this, the pump 
itself came into the cavitation zone and failed despite i •. 
its .’.low situations -.•••; . .. ?. \ 

■ . *• •* y, ** ». '+ • * *'. • 

To .fix : .thes.e • phenomena 'mathematically , some experi- 
ments wer ; e. made on •the; ba-s’i s'-'cf-f the' f ollowing assump- 
tions: 

• —c - : *.»--• • 

. •-» - . 

The letter P _ is. any pxod.n t-- op the.: ai,r f oil surface;- 
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Wg, and. Poo , respectively, are the velocity and pressure 

remote from the airfoil. With w denoting the velocity, 
the pressure at P is, according to Bernoulli! 




v_ 


Take, say, point F m , where the pressure is lowest. 

Since the velocity existing at that point at equal angle 
of attack is proportional to velocity w^ : 


with X=(a s -l) and a = — w^ 2 

2 

\ r 

p=p— X q (10) 

oo 

i 

At incipient separation p will have a certain 
small value P( j. To each value of the dynamic pressure 

q there corresponds a pressure at which s eparat i on ' s t ar t s 
of * 

Peo = p d + * o .. .. (11) 

• • -t •« • • X *'* 


After measuring the dynamic pressure q as differ- 
ence. . Qf p 0 - p a , a sufficiently close approximation i ; s 

P a = Pqo • The result is then a linear relationship "be- 
tween p^ and a which can he checked. The appearance 
of the first bubbles is very much dependent upon circum- 
stances (slight protuberances, etc.). It is therefore 
recommended to designate a more advanced stage which can 
he accurately adjusted, as "start," in this particular 
case -the stage where the foam formation extends over the * 
entire profile side arid to about one-fourth of the chord. 
Then, if th.o : pressure • p a ~ is adjust-ed iri -such a way 

that the shock always appears on the same place* of the 
wing, and the recorded p a is plotted against q, the 
solid dots of figures 2.7, 23, 29, .and the : valu-e.s in tables 
IX and X are obtained. A straight line can always be 
drawn- through the points, which, as it should be, does not 
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pass through the; z ero- point but thrpug.h the point p^ t,o 

the amount of 0.3 to 0,5 meters of water - that, is, close 
to the vappr pressure of the water at the test tempera- 
tures. 


The expectation was thus closely confirmed and on 
all airfoil sections. 

Even more unusual is the fact that the' advanced, 
stages also afford a straight line variation of p- versus 
q and are reproducible. For it might be suspected that , 
since at d-ifferent velocities the bubbles have not the 
same dimensions, the shock areas would perhaps shift as a 
result of capillary forces. But the matter is substan- 
tially simple, Here also there is a p-q straight line 
and likewise one for the separation stage {on' profiles A 
and B). All straight lines pass through exactly the same 
point. The (+) points denote the stage where the shock 
reaches the trailing edge (as in figs. 23 and 26). The 
small circles (o) denote the stage where separation just 
starts . 

Graphical reproduction of all the test data was not 
deemed necessary, and the reader is referred to tables IX 
and X. It is expedient to indicate only the slope 
P , - p j 

— = A of the straight lines, as in table XI, which 

q. 

distinctly shows the very important distance between in- 
cipient separation and separation of flow. 

The sl.ojpe and hence the danger of cavitation is 
greater or. thick airfoils and at higher angles of attack. 

Admitted-ly these experiments are not comprehensive 
enough to venture an answer to the question of best air- 
foil in respect to cavitation. To work without cavitation, 
pressure measurements in the wind tunnel are sufficient, 
but work with small cavitation requires drag measurements 
. c w 

in order to be able to assess € = — — . It seems as if 

c a 

the skin friction becomes less on first appearance of 
separation. 

It was possible to record the pressure on the points 
at the suction side indicated in figure 21, which afforded 
merely a survey of the pressure distribution but no complete 
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curve, as it was impossible to accommodate any more pres- 
sure orifices within the confined space of the airfoil. 

.The results are given in tables XII . and XIII; P 0 “* P a 

is again proportional to the dynamic pressure q; all 
pressures are absolute 'in meters, of water. The ratio p/q 
is also included. 

Figure 30 gives as an Illustration the pressure 
curves for airfoil A at or. = 2°, Four s.tages were exam- 
ined: (l) without cavitation, (2) shock at l/2 chord t f 

(3) at 1 chord t , and (4) separation. The pressure dis- 
tribution is exactly as imagined from cavitation phenom- 
ena. Without cavitation the pressure drops as far as 
orifice 2, then the pressure rises. 

The zero pressure lines are dashes, with the p/q 
values plotted upward . The location of the zero lines 
was so chosen that they are lower by p a /q than a fixed 

ordinate point . 

•Visualizing the cavitation as nonexistent, the pres- 
sure curve in this representation would then remain the 
same at constant *q , regardless of the value of p a 

that is, the depth of the zero line. Then at a reduction 
of pressure p a the zero line shifts upward and ultimately 

meets this fixed pressure curve. This representation shows 
that up to the line of intersection of the zero line with 
the original pre-ssure curve there exists a stage with con- 
stant low pressure, and that from there on the pressure 
rises. This affords empirical reference points for the 
expected shock positions at given velocity and given out- 
side pressure. Accordingly, there remains in first approx- 
imation (at constant pressure) the pressure curve without 
cavitation, and at incipient cavitation the piece below 
the particular zero line is simply cut off. 

On the whole, it results in a very intimate relation 
between the processes in wind tunnels a‘nd on airfoils, the 
judicious application of which may prove quite advanta- 
geous for further experimental studies. 

It might be added that the start of cavitation is ac- 
companied by a rattling, detonating noise which, at high 
velocities and angles of attack, changed to a very loud 
noise even in this small setup. The propeller noise of 
ship screws operating with cavitation is well known, so 
also the apprehensive roar of turbines operating with ex- 
cessively high suction gradient. 
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4. Sphere Tests' 

These experiments and observations were made on a 20- 
millimeter sphere mounted in the center of the square 
test channel. A pressure orifice permitted th-e . measure- 
ment along a whole 1 circle-, -j the sphere being rotatable 
from the outside about the spindle axis but , since the 
spindle had to be fairly thick (4*5 mm) for reasons of 
strength, the symmetry,- of flow was nevertheless- percepti- 
bly affected. (See fig. 31.) ■ r 

The observations disclosed the following; when the. 
pressure drops at constant speed, bubbles begin to form : 
behind the body in the vortex cores, rather than' bn the 
surface as on the airfoil; at still further reduction of 
pressure the bubbles begin to form on the body itself, 
and; ultimately become quite pronounced, as seen from the 
short -‘•tinrfe- phot ograph . (See fig* 32,) 

. i i . s. ’ 5 

Separation starts directly behind the, equator* At a 
distance of about one sphere diameter the shock is again 
visible, followed by a gleam caused by . small-bubbles . 

Under still further pressure reduction complete separa- 
tion takes place, appearing as a perfectly transparent 
tube filled with water vapor trailing aft of the body. 

(See fig. 33. ) 


The pressure measurements (fig. 34) yield the fol- 
lowing: the forward stagnation point corresponds to the 

\o P "Pa 


angle cp = 0, the rear one to cp = 180' 
ted as ordinate. 


is pi ot - 


Curve a refers to the noncavi tat i onal stage, b for 
the stage corresponding to figure 32, and c for the stage 
of figure 33. The asymmetry caused by the spindle is 
probably the reason of the maximum depression exceeding 
the theoretical minimum (-1,25), as, in fact,, subsequent 
checks confirmed. The effect of the adjacent walls is a 
slight increase of velocity estimated at about 5 percent 
at the sphere equator. 


The drag coefficients, defined by 



( 12 ) 
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are obtained by graphical integration over the sphere 
surface; no allowance being made for the asymmetry nor 
for the effect of tangential friction. 

Stage a gives c w = 0.48 

Stage b gives c w = 0.57 

Stage c gives c w = 0.49 

If, with a given outside pressure, say, atmospheric pres- 
sure, for instance, the velocity is continuously increased, 
the curves b,c would gradually change into one similar to 
d, because the atmospheric pressure is very low compared 
to the then very high dynamic pressure. The lowest nega- 
tive value of p/q then signifies cavitation so that 
practically only the positive part of the pressure curve 
remains significant. 

Here a comparison with "Bauer's experiments are of 
interest. (See reference 12.) He shot steel balls of 
about 11 millimeters in diameter at rates of between 150 
and 65 0 meters per second through water and measured the 
resistance electrically by determining the decel erat i on f * 
The dynamic pressure rises to around 2200 atmospheres at 
650 meters per second; equally great tensile stresses 
would have to be expected if the pressure curve were of 
type a. Actxially, however, cavitation sets in; the ball 
shoots a. hole in the water. This drag coefficient is 
0.30 (according to the present definition). Curve d also 
would give 0,30 and may therefore represent in some degree 
the pressure distribution in Bauer's experiments. Natu- 
rally, it is not permissible to compare these c v , values 

with those obtained in the wind tunnel at the same 
Reynolds number; the cavitation is not adaptable to 
Reynolds' law of analogy. 


*His calculation of the resistance from deceleration 
records in water is afflicted with an error, insofar as 
he ignored the inertia of water which causes an apparent 
sphere mass enlargement. In potential flow the apparent 
mass enlargement of a sphere amounts to half the displaced 
water mass; but here it becomes certainly less, so that 
the actual error might amount to several percent in the 
sense of higher resistance. 
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III. THEORETICAL CONSIDERATIONS 
1 Preliminary Remarks 


Mere observation of the cavitation processes shows 
very plainly their turbulent character, and with that the 
rather unlikely promise of making more progress with theo 
retical considerations than afforded from actual experi- 
ments, In what follows it is attempted to find a some- 
what rational explanation for the facts observed in part 
II, The most elementary means are employed. As long as 
the present empirical knowledge is not greater, it would 
not. serve much useful purpose to make the calculations 
more rigorous. 


Thus it appears possible to explain the process , 
called compression shock, mechanically, (See sec. 4.) 
Furthermore, if the shock layer is assumed to be thicker, 
sensible values result. 

The travel of the position of the shock is readily 
established; the t he or e t i cal ly deduced pressure distribu- 
tion in the closed channel is largely in agreement with 
the observed.,: 

Lastly, it is found that, on passage of the bubbles 
through the shock area, an almost instantaneous pressure 
change actually takes place, which the theories of mech-' 
anical corrosion had heretofore assumed without suffi- 
cient , mechani cal basis. The estimation of the maximum 
pressures in the subsequent compression of the bubbles'* 
(sec. 4) affords values according to which the extremely 
severe corrosion, which often occurs, can be tracedbabk 
to Mechanical effects. The considerations of section 6 
regarding experiments elsewhere indicate that the calcuh 
lated pressures might be high enough for it. Here the ... 
present empirical knowledge is particularly incomplete. 
Hence any speculations which could be easily made would 
be premature, 

2, Compression Shock in the Bubble Mixture 

The most important result of- the experiments de- 
scribed in part' II appears to be the identification of 
the shock pr oce s s e S . In’ the earlier s o-cailed compres- 

sion shock'the pressure jumps by considerable amounts, 
whereby bubbles disappear almost entirely. 
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' It suggests itself to place this compression process 
on a parallel with the uniform Hiemann gas compression 
shock, which occurs when gas with supersonic velocity 
strikes an obstacle. Admittedly, the mixture of water 
and vapor bubbles manifests a relatively coarse structure; 
hence the ensuing considerations refer to statistical av- 
erage values. "' •* • 

* • j . • 

l . v . 

It. is admissible to speak of sonic velocity even in 
connection with Such mixtures, provided the propagation of 
aud ibl e . si gnal s , which obviously would' be very complicated, 
is discounted. 

Visualize a 1-cub’ic-cent i me ter mixture containing x- 
parts by volu-me:- of air 'or' vapor and (l - x) parts of water. 
The density of the mixture is accxirately enough expressed 
with p 0 . (l - x), where p 0 equals the density of pure 

water, or in other words, the gas mass is disregarded as 
being vanishing. On the other hand, it is obviously per- 
missible to visualize the elasticity of the mixture as 
being solely caused by' the enclosed gases - that is, to 
exclude t;he -small elasticity of the water. 

The velocity of sound a, the rate of propagation 
of small di sturbances , . is , generally, 


a = 




(13) 


It can be expressed numerically, if -.-p = f(p) is 
known - that is, make a statement regarding the physical 

changes accompanying the passage of the srial'I disturbance. 

. . k • : •• • * 

Assuming, to begin -with, a polytrope, namely: 
p x ra = constant 

then 1 " p 

x = 1 - — 

?o 

leads to 


= a 


; s j 


mp 

P x 
o 


or 


dp 

dp 
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If, 

meter (~ 


fo^. instance , p 
0.02 atmosphere) 


.4 • * A i ' w 

2 x.10 dyn per square centi- 
p 0 = l.-gram per cubic centi- 


meter; x = 0.05 and m = 1.20, then a = 692 centimeters 
per second. This is a readily obtainable velocity; hence 
the appearance of compression shocks seems perfectly fea- 
sible. ....... j. 


3, The Straight Compression Shock 
• . :•. ••• . • • 4 " 

■ The premises are; a system of co ordinates ' r s ol idly 
connected with t.he plane of the shock, a rigorously uni- 
form. shock; Oj equals density, u a velocity. p a pres- 
sure, and Xj vapor content before the shock, and p 3 v 
u.j, p 2 , and x 3 the corresponding values, after' the 
shock. The gas mass is always disregarded relative to 
the water mass. 

Then the equation of continuity gives 

t . • , * - , • , * • V* \ v \ • 

•PiPi ~ (15) 


the momentum equation: 

P i u i (uj - u 3 ) a p a - Pj (16) 

The energy equation should' be added as the third; it would 
state essentially that compression heat is released during 
the shock. But this heat is transferred through the pipe 
on to the water, which becomes heated to a usually negli- 
gible degree. Then, if the control area for equations (15) 
and (16) is kept far enough away from the place of the 
shock, isothermal processes must be 'assumed and 


X I _ P_3_ 
*3 Pi* 


substitutes for the energy formula. 

From equations (15) and ( 1 6 ) there follows: 

Pl «y (x - £i) - 


( 17 ) 


Pa " Pi 


NACA TM No. 1078 


33 


Then the introduction of 


Ps 

Pi 


= s, gives - — = s, and 




with i t i 


• , g 

Pi^i *i ( i - x!%\ _ 
pi v - xi/sy~ s 


■\ 


i 


and 


( 13 ) 


S = X 


1 C 1 ( x 


Po (1 


Pi 


1^1^ 

') 


To illustrate: for 


Pi = Po^l - x i) = 0.95 gram per cubic centimeter 

i' * 

vl 1 = 4000 centimeters per second = 4 0 meters per second 

-4 . 

p a - 2 x 10 dyn per square centimeter 

. . . * • * * , r 

s = 38 

A very considerable compression has taken place. 


Given -u 1 and , 


s becomes maximum for 




Pi A 

Po^i 3 ^ 


(19) 


Since the second summand in parenthesis is always small, 
x^ ~ . If the bubbles are visualized as spheres 


IT V 2 _ 

Xi = = 0.74 is obtained for the densest packing; 

6 

hence the previously calculated value of x' a is pos- 
sible. ITow it seems that x, assumes lower values. 

X r 

The highest water velocities employed in engineering 
probably range around 150 meters per second. Tor x a 
= 0.5 and p = 1 x 10 4 dyn per square centimeter, the 
highest feasible pressure ratio is s = 5625; and hence^' 
p 2 ~ 56 atmospheres. 


It is not very likely that .such pressures' would pro- 
duce .mechanical corrosion directly. Hence the theories 
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assuming mechanical corrosion must provide further a me- 
chanism that raises these pressures to an entirely differ 
ent order of magnitude./ (See s.ec, .4,). Equation ( 1 8 ) is 
hardly suitable for water vapor sihce'" v c.dr.densat i on occurs 
But , : at the same time, it is readily apparent that the 
pressure rise, even by complete condensation, varies but 
very little from that established with equation ( 1 8 ) ; 
which results in: v • 


PqUj 3 (i'.- JCj )xj V 

s = 1 + 


( 20 ) 


Pi 


4. Structure of Plane Compression Shock 

The calculation so far afforded a summary prediction 
of the processes accompanying the shock. The final stage 
after the shook was ob -Gained from the stage before the 
shock. Now an attempt is made to explore the intermedi- 
ate values and, in particular, to compute the thickness 
of the shock area. f - * ; rnv ■■ 


Visualize moving along with a bubble. The shock is 
accompanied by the approach of a pressure rise wherein 
■the shock actually occurs n.dt . mathema t i cally nonuniform 
but rather over a . relatively great distance. The bubble 
thus becomes a little smaller, the pressure in it in- 
creases a result of the compression of vapor. It is 
essential that the outside pressure is not, in general, 
completely in accord with that on. the inside and for, the 
following reason: 


Continuity" demands 



* t i. * r 


cons t ant 



The momentum theory, gives- . /or . .the outside pressure p a 

PlU a (»! - u ) = p a - p a ; 

or, when introducing x: » 


P 0 ( 1 - '' 


- X 


= Pa - Pli 


1 - x 


( 21 ) 
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Now there exists between x and p^ the pressure 

within the bubble, a relation which is giyen through heat 
conduction, evaporation, and so forth. If p^ were 

identical to p_ , this relation would have to have pre- 

ci 

cisely the form of equation (21), which naturally in no 
way can occur. Rather, the process is such that at first 
the interval p.ressure lags ‘behind - ..the outside pressure 
and later- overhauls it. The ~pre s sur e difference acts to 
accelerate or decelerate the c'o'l lapsing motion of the 
bubble . * 

Now it would be extremely difficult to solve the 
simultaneous system of equations, which, on one hand, de- 
fines the inside pressure, and on -the other, contains 
equation (2l), because the time factor becomes an essen- 
tial element in the equation for the inside pressure 
(heat conduction). 

The problem can be materially simplified by specify- 
ing the relation between p^ and x, perhaps in poly- 
tropic form with, for the present, arbitrary exponent m. 
In that case, pj is known for each x, and, accord- 
ing to the momentum theory, or equation (2l), respec- 
tively, the outside pressure p' a as well. The pressure 

difference p a - p; compresses the bubble. The expo- 
nent of the polytropes must be determined from a special 
consideration. The bubble is to remain spherical during 
the contraction, which is possible only when the shock 
area is great compared to the radius of the bubble. 

Let r equal the radius of a rohnd bubble at a cer-; 
tp.in . time ■ interval . The radial mot.ion of the surrounding 
water during the contraction is given by 



*The conditions are similar -to- those in Riemann's 
gas shock, if assumed uniform. There, the vressnre cal- - 
culated from the equation of continuity and momentum 
theory does not, at first, agre r b with the pressure ob- .. 
tained from the gas equation, when the temperature is 
defined according to the energy formula. The explana- • . 
tion in this case is found in the friction stresses which 
cannot be neglected relative to the gas pressure. 
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where r is the radius of the spherical bubble at a cer- 
tain time int erval and s is the distance of a point 
from the center. r The kinetic energy of the total water 
mass is 


s =00 



s = r 


= Po/dr\ 4TTr 3 
2 \dt J 


(23) 


. Ji / % % % 

which, with the new variable £ = - — . (rj equals initial 

radius), and v x = | TTr^ , gives: 


_ p o „ a »3 /d^Y 
E = ^ l > 


W 


(24) 


Then the work performed by the pressures is computed. 

a. Outside pressure p a . - According to equation (2l) 

(x a - x) 


P a = Pi + Po^i (1 “ x i ) 


(1 - x) 


In general, x and x a are small with respect to unity; 
hence it is permissible in the prediction of the period 


of collapse to put 
Then 



approximately equal to unity. 


P a = Pi + Po u i 2 ( x i ~ 


(25) 


For a cubic centimeter containing n bubbles, each of 
volume v a 


that is 
and 


nv = x 
nv 1 = x a 

Pa' = Pi + Pou a 2 nv 1 ^1 - 

Pa = Pi + Po u i Sx i( 1 “ £ 3 ) 


or 


(26) 
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The variation of 

■ * . • * \ * ’* **w X C?. 

p a is indicated by the curve AC3 in 

f i gure 

\ •* V / 

35. 

• • . 


b. 

Interval 

pressure Pi • _ The interval 

pres sure 

follows 

the law 

of polytropic change 




P l v l 13 = Pi^” 1 

(27) 

or 


. 3 in 

&•© 

(27a) 


with ih as ' the polytropic exponent. The curve ACD of 
figure 35 was obtained. 


As the bubble becomes smaller the pressures perform 
work, the difference of which is utilized to raise or 
lower 'the: kinetic energy E of the. water around the bub- 
ble. From 


v 




I : 

A < ••• * 


E = - 


(p a - Pi) dv = - j (p a - Pi) v a '3X S d£ 


tlver e f ol 1 ows , after insertion of p_ from eauation (36) 

- v' sv\.' a >' - ■ * • a 

fl-nd-.,. o£.. pi , from equation (27a): • 5 


* = Pi v i (a + er + vr + 6 r 3m+3 ) 


rtf (».■ 


..whereby 


•* 


a = 1 + 


1 P 0 u i 

— 4* — . 


m - 1 


a 




Y = 


Po u i x i 


2x> 


y i 
1 




(39) 

• ► 


6 


m 


1 
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By eaua'tin-g' B ad c ordihg t.o : jeatia.t i ons (24.) and ■ (28) there 
is obtained after elementary transformations: 


and 


dt _ 

d t 


.Es-v. 

J 2 Pl ■ 


_ /at i n 4 ->:vr + sr 3M+4 ' 






fip 0 

2-Pi 

- t-dt 


(30) 


- i 


JIT* et 1 + n 7 * sr 5B+ * 


(31) 


Accordingly, if u a , , and m are given, the 

time interval for the collapse of the bubble t"o ;: a certain 
fraction' £ of its original radius increases in -prop of- 
tion to’ the radius itself. ' ' •• ' 

.v i.: 

Since m can assume any value Between 1 and 1.4 in 
diatomic gases, a closed integration is imp os s.ibl e , hut 
the graphical method is available. In any case the inte- 
grand near the zero places oat bedeveloped and' approxi- 
mate expressions established. 

■ • X 

The pertinent zero places are: 

!■: J :• . • . .**••*> 1 i c t >3 v •? a :■ 

1. ti = 1 , the "starting, .point 

2. £ 8 = £ < 1, the stage of maximum compression of 
the bubble that' is of ' interest f'rom< the point pf view of 
pressure and temperature. In point of fact, there the 
linear contraction velocity disappears 


ii = 

dt 



. 4 "' 7 -3m+4 

at ± + V£ + s£ 


V 


(32) 


The solution t a = 1 can be directly verified; t 3 is, 
as will be shown later, p o small in all practical cases, 
that t 4 and ,£ 7 can be neglected. 


But then 


aU = : - 5't 


- s m+ 4 


(33) 
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or, with equation (29): 


.3 (m-i ) 


u =i 


m 


+ ( m - 1 ) 


P o u i x 1 

2p a 


( 

(33a) 


At and £ 2 the graphical integration fails, because 

the integrand becomes infinite, and approximate terms 
must be developed. 


Putting t = 1 - a in proximity of the starting 
point, where a is to be very small compared to unity, 
the integrand of equation (31) is 


Jo , ( 1 - a) + 3(1 


(1 - a ) 2 



a ) 4 + Y ( 1 


a) 7 + 5(1 


, -3m+4 

o) 


It is readily seen that in the development of 

(l - a) n according to powers of a, quadratic terms 
must be included. For, in first approximation, the root 
assumes the value zero. 


In second approximation 


dt = 


3 Pp 

2p a 


rq 


( 1 - 2a + a 3 ) da 



9. 


pQtt’l 2 *! 

Pi 


m 


and, accurately enough, for the direct proximity of 



a 




( 34 ) 


If £ = 1 and Oj 


0, t i , 2 becomes logarithmically 
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infinite, which physically means : t'.hat without impulse, "by a 
suitable disturbance the shock is not started. But, if a 
slight compression a > 0 already exists, the bubble col- 
lapses very quickly. 

In the vicinity of the root again becomes very 

small. The integrand' i's' approximately 

■ It 

■ ;:,v " + sf 3 *" 1 / . 

With - t ^v(l, + a) the integrand becomes 

U a ( 1 + q 

+ a )- 3 "* 4 

and, according to equation (33), with allowance only of 
the first power of a: 

'• •; s : ••• >■' + 2a) ■ 

3 fx ™ l),c 

The integration with this integrand gives 


t 


3 , 4 



* 3 

•£a V a 

a 

/a[ 3 (m - 1) 


1 + •§- a\ 

3 J 


(35) 


Then, if the transitional zone is graphically integrated, 
the collapse can be traced in respect to time. 


For instance, with 

u = 4000 centimeters per second; m - 4/3 

4 

Pi = 2 x 10 dyn per square centimeter; Xj = 0,05, 

values which are feasible in practice, and where the ex- 
ponent % for water vapor would almost give adiabatic 
compression; thus by equation (29) 
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a = 24; 8 = -41; Y = 20; 8 = -3 

and, by equation ( 3 1 ) : 


t = 


3P< 


£ 2 d£ 


2p 


y i 




J 24 £ - 41 £ 4 + 20£ 7 - 3 


By equation (33), £ 3 = — . With' consideration to 

8 

the logarithmic character of equation (34), £ = 0.99 is 

chosen as the starting point and the interval time t 1(3 

computed according to equation (34) with £ = 0.90 as the 
second limit. 


In proximity of £2 the integrand has the form. 


£ 2 

/~24£ - 3 


with a minimum at £ = — . 

6 

highest linear compression 


This is the location of the 
velocity 



The time interval from £ = — to state of rest £ 3 = — 

6 8 

is calculated graphically according to equation (35), be- 
tween' £ = — and £ = 0.90. 


By knowing the time interval for each x and £, 
the local variation of the compression is readily ascer- 
tained. In the time interval dt the bubble travels the 
distance dl = u dt or, in bubble radii, 


— - udt _ U 1 ( 1 - X ! ) dt _ u a ( 1 - Ij) dt 

r i r i • (1 - x) rj (1 - Xy £ 3 ) Vy 


which, with equation, (31), gives: 
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dl 

r i 


1 - x ■ 


3p< 


£ 2 d£ 




1 - x^ 3 J 2 Pl 7 a t + + '6 t 3in+4 


(36) 


Since r = r x ( , the compression can "be completely 
indicated, (fig. 36); it essentially takes place over a 
very short, distance; the pressure jumps over a distance 
of 4.2r,i~ to about 2700 fold. The bubble diameters are 
also shown in figure 36. The temperature rises consid- 
erably; with a maximum of 2300° absolute the heat conduc- 
tion must obviously play an important part and the expo- 
nent m must certainly be quite remote from the adia- 
batic. For the point at, issue the correct choice of m 
is not important. The compression very likely is not 
purely polytropic. The present lack of knowledge of the 
heat condition of bubbles likewise precludes any exact 
prediction as to what occurs when the stage of maximum 
compression is exceeded. The cooling naturally is very 
pronounced; the simultaneously resultant condensation of 
the hot vapor depends upon the heat transferred to the 
water. 


3esides, neither the presence of other bxibbles nor 
the fact that the bubbles do not have to collapse concen- 
trically is considered; they possibly could be stretched 
and torn by the locally widely varying pressures. All 
these problems need to be followed up in much more exact 
experimental studies of the individual processes. Eence 
the decision to omit the results of a fairly comprehen- 
sive analysis concerning the approximate solution of the 
heat conduction problem at this time, except for a tabu- 
lation of the maximum pressure and temperatures at dif- 
ferent Uj , x 1( and m, which arc of interest with regard 
to the corrosion theories. 


The equation 


u = 


■ m + ( m - 1 ) 


Po^i x i 

2pi 


was found valid for small values of x. 
with the poly t r opi c "f ormul a 


a 

\z (m-a ) 


/ 

From comparison 


NACA TM No. 1078 


43 



follows 


li 

Ti 


m + (m - 


1) 


Po^i x i 


2o 


h l 


Carrying the approximation further 



-5- = m + (m 

T l 


1) P o u i Sx i (l ~ ] 

3Pi 


hence, in known manner: 


(37) 


fHS""' 

Tables 14 and 15 show very plainly that powerful 
pressures and temperatures are to be expected at the 
shock areas, even if the numerical values are recognized 
only in order of magnitude. 


Calculations of the pressures accompanying the col- 
lapse of bubbles from the point of view of cavitation 
phenomena have been made repeatedly (reference 13; also 
reports by H. FOttinger and D. Thoma of reference l), but 
always on the more or less vague assumption that the pres 
sure outside the bubble was somehow greater than on the 
inside, and so caused a collapse. It always involved 
either completely empty bubbles - that is, a vacuum 
(Parsons and Cook, also Rayleigh) or else isothermal 
changes (Rayleigh, FSttinger). However, it may be stated 
on the basis of the present investigation, that the pre- 
requisite for the collapse (namely, the very rapid varia- 
tion of the outside pressure) has now been established. 
And one of the first problems now consists in ascertain- 
ing whether the corrosion actually occurs, as it seems., 
at the place of the collapse. Nearly all the available 
experiments-, although very numerous, are obtained in prac 
tical operation, where the conditions for a clearly de- 
fined shock position probably never are exactly complied 
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with. At any rate, it is very well known in practice 
that the corrosion occurs b-e hi nd the spot at which cavita- 
tion begins . 


The processes in divergent chann els described in the 
preceding chapters can, to some extent, be treated mathe- 
matically; in particular, it is possible to grasp the 
shifting of the shock areas in flow direction under de- . 
creasing back pressure. 

The actual process is visualized somewhat schema- 
tized. The separation is to start in the narrowest sec- 
tion E-E (fig. 37) and abate completely at the shock area 
S-S; the pressure rise is to occur in a relatively small 
area from A-A to 3-B, where E is the cross-sectional 
area at 3-B and w is the average velocity. The fric- 
tion is disregarded. 

Since the pressure from E-E to A-A is very approxi- 
mately equal to zero, the assumption that B-B lies very 
close to A-A, gives, with the momentum formula. 


For simplicity it is assumed that, the space filled by 
bubbles contains very little' water. 

Since S' 0 w 0 = E w, 


the small test nozzle in figure 38 according to equation 
(38 ) is indicated by dashes. This discontinuous pressure 


B. Compression Shocks in Channels 


p„w. s F - p.w 3 ’E + 
r 0 0 0 r 0. 




The relative pressure jump computed for 




o 


2 


F 

at — ° = — . As the 
F 2 


cross section after the shock continues to expand, a 
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second gradual pressure rise occurs, which is calculated 
according to Bernoulli 


Ap 2 = ^ (w 2 - w 3 3 ) 




(39) 


The plotting of this pressure rise then gives a pic- 
ture which qualitatively corresponds to the test data in 
figures 9 and 10, except for the smoothed transitions. 

The pressure jump deduced from the pressure measurements 

p w 2 

in figure 15 equals 0,33 —2 — SL_, while at the point 

2 

where the pressure was measured, it sh ould , at the most, 

P w 2 

amount to about 0.45 — — - — . Even the variation of the 

2 

pressure curves after shock is closely reproduced in fig- 
ure 38. 

The place of the shock on the suction side of an air- 
foil travels, in principle, the same way; safe that a 
summary treatment, as in the closed channel, is not pos- 
sible. 


6. Appendix 

The Destructive Effect of Short-Period Shock Stresses 

In connection with the previously cited mechanical 
corrosion theories, the experiments by E. Honegger (ref- 
erence 14) are of interest. 

He studied the strength of various structural mate- 
rials against corrosion under violently impinging water 
droplets. His method consisted in moving test bars 
mounted on a fast rotating disk at high speed against one 
or more jets of water. He found that the weight loss due 
to corrosion is no longer perceptible at relative speeds 
of v < 125 meters per second, and at speeds of v > 125 
meters per^second can be represented approximately by 
a (v - 125 ) , where a is constant. 

When a flat surface strikes a cylindrical jet of 
water running parallel to it, only the particles directly 
adjacent to the point of impact are accelerated at the 
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moment of impact; those farther awaj do not feel the mo- 
tion change. The conditions are exactly as in the pres- 
sure line of a water-power plant when the discharge open- 
ing is suddenly closed. Alli^vi's theory (reference 15) 
may he applied. But it is necessary, if more than the 
first approximation is to he made, to consider the rate 
of propagation of the pressure as being dependent on the 
order of magnitude of the pressure jump rather than con- 
s t ant . 

A system of coordinates is used in which the shock 
wave rests. For reasons of simplicity it is further as- 
sumed that the process is linear - that is, such as oc- 
curs in a pressure resistant pipe, for instance. This is 
permissible, since only the maximum pressure value is 
considered. 

If the water, viewed absolute, is at rest, while the 
wall moves with velocity v, then, if u is the rate of 
propagation of the shock, the relative velocities are 

w z = u and w 2 = u - v 
The equation of continuity gives 

P l w i = P 2 w 2 


the momentum equation: 

PiW a (w a - w 2 ) = p 2 - Pi = Ap = Pj uv 
The elimination of v leaves 


u = 


' Ps AP 
Pi A p 


if Ap = P 2 - Pi and 


u - v = 


Pi Ap 
P 2 Ap 


(40) 


(41) 


For small pressure jumps, the expressions in equations 

(40) and (41) change to sonic velocity a = /t^~, because 

v dp 

p 2 s Pi and the quotients of the differences must he re- 
placed hy differential quotients. 
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But an attempt at an actual prediction of u is 
predicated on the knowledge of the physical changes ac- 
companying the shock. Strictly speaking, the energy 
equation is sufficient, hut the lack of knowledge :of the 
specific heat of the coefficients of expansion, arid so 
forth, at the ensuing high pressures call for a simplifi- 
cation which is permissible provided the pressures are 
not excessive (p < 10,000 atmospheres). It readily can 
be proved that the heating of the fluid on impact is not 
so great that the isothermic pressure-volume curve ob- 
tained by Bridgman (reference 16) up to very-great pres- 
sures (fig. 39) could no longer be properly used. Next 
calculate u and u-v for any one point of the curve 
according to equations (40) and (41) or, conversely, begin 
with the velocity v and obtain the pressure jumps Ap. 
(See fig. 40.) The pressures are comparatively small. 

It is surprising, nevertheless, that such a hard and tough 
metal as chrom ium-n i ckel steel is so severely attacked, 
especially when considering that the true pressures in 
the test could scarcely have been higher than those in 
figure 40, since the pressure waves are reflected with 
the inverse sign from the free surface of the water jet 
and tend to reduce. 

The results, are equally applicable to the sxibject of 
the present investigation to the extent that a very simi- 
lar type of stress is involved at the severe, rapidly* 
changing cavitation shocks. The maximum pressure at 
v = 125 meters per second is around 2100 kilograms per 
square centimeter, and. is reached according to table 15, 
at 40 meters per second water speed; • m =*1.2; x a = 0,06. 
The behavior of ordinary grey pig iron is worthy of note. 
Its low resistance under practical cavitation stresses, 
as in Honegger's experiments, is surprising. Honegger 
ascertained a marked dependence on the jet thickness and, 
specifically, that thinner jets were less effective. 
Perhaps the air entrained by the rotating disk sets the 
thin jets into mo.tion even before the shock ’and that t'he 
relative velocity is reduced; however, a more detailed 
discussion of this problem is without the scope of the 
present report. 
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After completion of this ar t i cl e , ■ Mue 1 1 er (reference 
17) published some experiments which may be considered as 
a continuation of those described here. Its outstanding' 
feature is. the cbllection of. clear photographs of the 
bubbles and the compression shock obtained with a Thun 
slow-motiort picture camera. 

* fl < I 

Translation by J. Vanier, 

National Advisory Committee 
for Aeronautics. 
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Table I. Pressure distribution on the back wall of the nozzle* 



Table II. Pressure distribution in 


shock. (Pressure in m of 
water column) 


Po 

Pa 

Q 

, 

Pn 

Pi 2 

Pl3 

Pl4 

Pl5 

18,60 

1,50 

16,75 

9,85 

10,38 

10,78 

11,16 

11,47 

18,22 

0,81 

17,05 

8,05 

8,69 

9,23 

9,62 

10,09 

18,22 

0,83 

17,01 

6,52 

7,48 

8,12 

8,65 

9,12 

18,22 

0,91 

16,92 

3,42 

4,91 

6,41 

7,23 

7,86 

18,22 

0,92 

16,91 

1,62 

2,96 

4,33 

5,74 

6,82 

18,22 

0,92 

16,91 

0,92 

2,22 

3,23 

4,70 

5,89 

18,83 

0,80 

17,16 

0,44 

0,72 

1,60 

2,51 

4,15 

18,30 

0,80 

17,12 

0,45 

0,62 

1,01 

1,58 

2,80 

18,22 

0,96 

16,90 

0,37 

0,50 

0,64 

0,75 

0,96 


Table III. Distribution of pressure 
rise in shock. 


rtoches 

Pl2 Pll 
<7 

Pl3 Pll 
Q 

Pl4 Pll 
Q 

Pl5 Pll 
Q 

11 

0,038 

0,069 

0,092 

0,120 

12 

0,056 

0,092 

0,123 

0,150 

13 

0,088 

0,175 

0,224 

0,261 

14 

0,079 

0,160 

0,243 

0,306 

15 

0,077 

0,136 

0,223 

0,298 

16 

0,017 

0,067 

0,121 

0,216 

17 

0,010 

0,033 

0,066 

0,137 

18 

0,008 

0,016 

0,022 

0,035 


Table IV. Coefficients for airfoil A. 


«00 

Ca 

Cm 

Cm 

~ Ca 

Cm 

— 8 , 9 ° 

— 0,026 

0,018 

— 0,67 

0,11 

— 6,7 

0,17 

0,015 

0,085 

0,15 

— 5,6 

0,28 

0,014 

0,049 

0,18 

— 4,5 

0,38 

0,014 

0,087 

0,20 

— 3,5 

0,49 

0,013 

0,026 

0,22 

— 2,3 

0,57 

0,012 

0,022 

0,25 

- 1,1 

0,67 

0,011 

0,017 

0,27 

— 0,1 

0,77 

0,011 

0,014 

0,29 

+ 1,0 

0,88 

0,013 

0,015 

0,32 

2,1 

0,96 

0,017 

0,017 

0,34 

4,5 

1,13 

0,025 

0,022 

0,88 

6,9 

1,27 

0,034 

0,027 

0,48 

9,7 

1,32 

0,071 

0,054 

0,47 


Table VI. Coefficients for airfoil C. 


«00 

Ca 

Cm 

II 

<JU 

Cm 

- 7 , 7 ° 

— 0,32 

0,082 

— 0,26 

— 0,052 

— 5,6 

— 0,12 

0,043 

— 0,36 

0,062 

— 3,3 

0,093 

0,02 

0,21 

0,14 

— 2,2 

0,19 

0,014 

0,078 

0,15 

— 1,1 

0,28 

0,011 

0,038 

0,17 

0 

0,38 

0,007 

0,02 

0,20 

1,1 

0,47 

0,008 

0,017 

0,22 

3,3 

0,62 

0,016 

0,026 

0,23 

5,8 

0,81 

0,03 

0,037 

0,27 

8,3 

0,94 

0,066 

0,070 

0,30 

9,3 

0,95 

0.091 

0,097 

0,32 

11,4 

0,90 

0,15 

0.17 

i 0,35 


Table V. 


Coefficients 


for airfoil B. 


«00 

| 

Ca 

Cm 

Cm 

Ca 

Cm 

— 10 . 8 ° 

— 0,30 

0,095 

— 0,32 

— 0,031 

— 8,3 

— 0,16 

0,019 

— 0,12 

0,054 

— 6.1 

0,037 

0,015 

0,41 

0,10 

— 5,1 

0,14 

0,014 

0,10 

0,12 

— 4,0 

0,23 

0,0136 

0,059 

0,14 

— 2,8 

0,34 

0,013 

0,039 

0,17 

— 1,8 

0,44 

0,013 

0,030 

0,19 

+ 0,5 

0,64 

0,0125 

0,020 

0,25 

2,6 

0,84 

0,015 

0,018 

0,30 

4,9 

1,02 

0,019 

0,019 

0,34 

7,3 

1,17 

0,028 

0,024 

0,37 

9,9 

1,26 

0,055 

0,044 

0,40 


Table VII. Coefficients for airfoil D. 


«00 

Ca 

Cm 

no 

II 

Cm 

— 7 , 8 ° 

— 0,43 

0,083 

— 0,19 

— 0,1 1 

— 5,1 

— 0,21 

0,045 

— 0,22 

0,01 

— 3,1 

0,019 

0,019 

1,01 

0,088 

— 2,0 

0,12 

0,013 

0,10 

0,11 

— 0,9 

0,28 

0,009 

0,04 

0,14 

+ 0,2 

0,33 

0,007 

0,022 

0,16 

1.6 

0,40 

0,010 

0,025 

0,17 

3,7 

0,59 

0,018 

0,031 

0,21 

5,9 

0,77 

i 0,037 

0,048 

0,24 

7,5 

0,88 

0,070 

0,081 

0,29 

8,5 

0,88 

0,093 

0,106 

0,31 

11,7 

0,83 

0,16 

0,19 

0,33 
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Table VIII. Coefficients for airfoil I. 


®oo 

Ca 

CTO 

e* 

II 

Cm 

-7,1° 

— 0,46 

0,078 

— 0,17 

— 0,12 

— 4,9 

— 0,29 

0,041 

— 0,14 

— 0,027 

— 2,8 

— 0,047 

0,017 

— 0,36 

0,038 

— 1.7 

0,056 

0,012 

0,21 

0,068 

— 0,7 

0,17 

0,008 

0 05 

0,10 

+ 0,4 

0,29 

0,006 

0,022 

0,13 

1,6 

0,87 

0,009 

0,024 

0,15 

2,6 

0,47 

0,014 

0,08 

0,17 

3,8 

0,66 

0,020 

0,036 

0,19 

4,9 

0,66 

0,031 

0,047 

0,21 

6,9 

0,76 

0,049 

0,064 

0,24 . 

7,2 

0,83 

0,065 

0,079 

0,28 

7,8 

0,84 

0,080 

0,096 

0,80 

8,6 

0,84 

0,11 

0,13 

0,31 

10,2 

0,83 

0,13 

0,16 

0,32 


Table XIV. Tg/T^ against m.u, and x 
for pi=2*10 4 dyn/cm 2 . 



x = 

0,02 

0,05 

0,10 

0,20 


w=20m/s 

1,3 

1,6 1 

2,0 

2,7 

m = 1,1 

40 

1,9 

3,1 

4,7 

7,5 


80 

4,3 

9,1 

15,5 



w=20 

1,6 

2,2 

3,0 

4,4 

m = 1,2 

40 

2,8 

5,2 

8,4 

14,0 


80 

7,6 

17,2 



— 


w=20 

1,9 

2,8 

4,0 

6,1 

m = 1,3 

40 

3,7 

7,3 

12,1 



80 

10,9 



— 


u = 20 

2,2 

3,4 

*5,0 

7,8 

m = 1,4 

40 

4,6 

9,4 

— 



80 

14,2 


— 

— 


Table IX. p a ,q values for different 
stages of cavitation on 


airfoils, A and B. (Ag indicates air- 
foil A, ct, 2°; the other designations 
a re accordingly.) * r aillr tf[ 



Start 

edge * 

Separatic 

Q 

pa 

<7 

pa 

Q 

pa 


1,64 

3,00 

1,48 

2,02 

1,40 

1,18 


2,48 

4,50 

2,46 

3,40 

2,38 

1,56 

A 2 • • • < 

4,06 

6,64 

4,03 

5,51 

3,91 

2,40 


7,07 

11,48 

6,90 

9,10 

6,77 

3,50 


10,10 

15,40 

10,00 

13,01 

9,49 

4,75 


1,21 

2,68 

1,26 

2,04 

0,97 

0,88 


1,98 

4,21 

1,99 

3,25 

1,88 

1,37 

A 5 ... , 

3,81 

7,40 

3,60 

6,41 

3,67 

2,42 


’ 6,09 

12,12 

5,74 

7,94 

6,81 

4,31 


8,01 

15,34 

7,61 

12,80 

9,73 

5,92 


10,18 

19,81 

9,60 

14,21 

— 

— 


2,42 

3,43 

2,38 

2,33 

2,85 

1,39 


2,46 

3,58 

2,43 

2,19 

3,33 

1,68 


4,41 

6,50 

5,39 

5,56 

3,37 1 

1,68 


8,07 

11,85 

7,76 

6,45 

3,56 

1,77 

B, . . . 

9,00 

13,09 

8,65 

7,18 

5,04 

2,55 


10,61 

14,69 

10,10 

9,21 

6,65 

3,53 


10,72 

15,93 

11,62 

9,752 

8,72 

4,08 


12,38 

17,97 

13,80 

11,34 

9,66 

4,56 


14,37 

19,88 

— 

— 

11,28 

5,22 


14,52 

21,70 

— 

— 

13,60 

6,44 


1,07 

2,29 

0,83 

0,90 

0,71 

0,65 


2,14 

4,60 

2,02 

2,05 

— 

— 


2,34 

4,72 

2,28 

2,49 

2,19 

1,38 

Br . . . 

3,69 

7,12 

3,82 

5,05 

3,91 

2,39 

^5 • • • 

3,81 

7,00 

4,51 

6,30 

6,75 

4,11 


8,47 

14,84 

8,20 

11,31 

8,65 

5,23 


10,78 

20,14 

10,70 

15,01 

11,00 

6,52 


14,65 

26,50 

13,00 

17,18 

12,85 

7,72 


Table X. Values p a ,q for different stages of cavitation on 
airfoils C to X. 



Start ' 

rrailing edge 

Start Trailing e 

Q 

pa 

< 1 

Pa 

<7 

pa 

Q 

pa 


2,51 

1,77 

2,47 

1,42 

3,21 

2,42 

3,16 

2,02 


3,76 

2,67 

3,88 

1,87 

5,56 

3,92 

5,85 

3,06 

C 2 . .< 

5,57 

4,14 

5,77 

2,92 

6,26 

4,88 

6,46 

3,46 


8,60 

6,34 

8,85 

4,22 D 2 • • 

8,58 

6,00 

8,80 

4,23 


9,39 

6,68 

9,76 

4,39 

10,30 

7,70 

10,48 

5,04 


18,22 

9,29 

14,10 

6,84 

13,40 

10,32 

12,13 

6,88 






13,51 

10,07 

— 

— 


1,61 

2,48 

1,54 

1,46 






2,18 

3,29 

2,16 

2,09 

1,68 

2,71 

1,58 

1,62 


2,96 

4,29 

2,88 

3,03 

3,42 

5,50 

3,38 

3,85 


3,35 

4,77 

4,47 

4,19 

3,49 

5,76 

3,40 

3,68 

C 5 . 

5,19 

7,79 

6,94 

7,31 Ds • • < 

6,25 

10,32 

4,86 

4,72 


6,97 

10,44 

8,25 

8,34 

8,84 

13,89 

4,91 

5,32 


7,46 

10,745 

13,80 

14,01 

10,18 

16,62 

8,38 

7,59 


8,40 

12,26 

— 

— 

— 

— 

9,60 

9,40 


10,46 

15,27 

— 







12,90 

20,44 

— 

| — 

1,08 

2,46 

0,98 

1.17 






2,68 

5,89 

2,61 

3,39 


0,63 

1,46 

1,185 

1,61 

4,21 

9,34 

5,77 

7,13 


1,32 

3,16 

2,56 

3,16 D 7 . . 

6,20 

13,96 

5,88 

8,25 


2,62 

5,78 

3,415 

4,31 

7,96 

18,35 

7,58 

10,07 

C 7 

8,59 

7,38 

3,58 

5,265 

8,80 

I 19,48 

8,60 

11,71 


6,25 

13,18 

4,80 

6,15 

10,70 

24,03 

10,48 

14,23 


7,22 

15,68 

6,99 

8,14 






8,77 

18,50 

8,44. 

10,87 






10,82 

22,45 

10,25 

12,935 






Start Trailing edge 



Q 

pa 

Q 

pa 


1,70 1 

0,78 

1,54 

0,50 


1.76 I 

0,96 

3,44 

1,78 


3,34 , 

2,38 

4,88 

2,39 

E 2 . .< 

4,75 

3,36 

7,18 

3,28 


7,78 

5,65 

8,75 

4,67 


8,56 

6,09 

9,76 

4,50 


9,76 

7,06 

12,50 

5,76 


12,57 

9,42 

— 

— 


1,15 

2,08 

1,16 

1,01 


2,86 

4,79 

2,87 

2,55 


4,95 

7,88 

4,78 

4,70 

Re 

8,21 

13,92 

8,14 

6,97 

•“5 • • ' 

8,50 

15,67 

8,44 

7,66 


8,63 

15,34 

9,74 

8,22 


10.04 

17,80 

12,24 

10,08 


12,52 

; 21,29 

— 

— 


0,505 

1,23 

1,865 

2,33 


1,94 

4,31 

2,87 

3,32 

E- 

2,94 

6,93 

4,47 

4,89 

*-*7 * * 

8,09 

19,88 

7,94 

| 9,12 


9,90 

22,86 

8,59 

9,62 


— 

I — 

9,51 

11,29 
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Table XI. Values A=p a -Pd/<1 f or different stages of cavitation and 
different airfoils. 


Airfoil 

a 2 

a7| 

B , 

B 5 

c 2 ' 

c 5 

c 7 d 2 

Dr, 

D 7 

e 2 

E„ 

e 7 

Start 

1,62 

1,90 

1,48 

1,79 

0,69 

1.44 

2.09 0,71 

1,61 

2,20 

0,75 

1,69 

2,80 

Trailing edge 

1,29 

1,46 

0,86 

1,87 

0,46 

i 1,05 

1,26 0,47 

0,90 

1,86 

0,50. 

0,84 

1,13 

Separation 

0,46 

0,58 

0,46 

0,68 


- 

— ! — 

1 - 

— 

— 

— 

— 


Table XII. Pressure measurements on airfoils A and B. 



Po — pa 

Pa 


P2 

Ps 

Pi 

P5 

Pa 

Pi 

P 2 

Ps 

| 

Pi 

P5 


Po — pa 

Po — pa 

Po — pa 

po — pa 

Po — pa 

Po — pa 




8,39 

4,16 

0,30 

0,31 

0,31 

0,31 

0,21 

0,496 

0,036 

0,037 

0,037 

0,037 

0,025 


8,45 

9,165 

0,31 

0,28 

0,32 

1,07 

2,66 

1,085 

0,037 

0,033 

0,038 

0,127 

0,315 

tro = 10,5° C 

8,725 

13,75 

0,29 

0,31 

0,35 

5,75 

7,58 

9,92 

1,576 

0,033 

0,036 

0,04 

0,66 

0,87 

1,137 


8,00 

14,88 

1,48 

0,915 

4,08 

7,04 

10,95 

10,76 

1,86 

0,185 

0,114 

0,511 

0,88 

1,37 

1,344 


7,74 

4,91 

0,26 

0,30 

0,31 

0,28 

0,32 

0,635 

0,034 

0,039 

0,04 

0,036 

0,041 

A , 

7,79 

9,45 

0,25 

0,28 

0,57 

1,44 

2,20 

2,05 

1,214 

0,032 

0,036 

0,511 

0,185 

0,283 

0,264 

tm = 16,6° C 

8,19 

16,335 

0,24 

0,30 

0,53 

8,08 

10,16 

12,62 

2,00 

0,029 

0,037 

0,065 

0,99 

1,24 

1,54 


8,14 

23,32 

2,13 

4,71 

11,42 

16,30 

20,78 

20,02 

2,87 

0,261 

0,579 

1,38 

2,00 

2,55 

2,46 

b 2 

/to = 16° C 

7,54 

16,10 

4,30 

5,18 

8,21 

10,13 

10,25 

13,03 

2,14 

0,57 

0,687 

1,09 

1,344 

1,36 

1,73 

7,59 

10,505 

0,22 

0,20 

0,69 

6,66 

6,41 

7,71 

13,85 

0,029 

0,026 

0,091 

0 j 878 

0,845 

1,015 


7,36 

7,255 

0,19 

0,21 

0,46 

0,56 

2,13 

0,985 

0,026 

0,029 

0,063 

0,076 

0,289 


7,59 

3,11 

0,71 

0,21 

0,26 

0,28 

0,29 

0,41 

0,094 

0,028 

0,034 

0,037 

0,038 

Br, 

tio = 16 0 C 

7,41 

19,62 

0,84 

5,48 

5,23 

9,94 

10,44 

13,275 

16,98 

2,65 

0,113 

0,74 

0,705 

1,34 

1,41 

1,79 

2,286 

7,59 

16,78 

0,24 

0,35 

8,80 

8,17 

10,38 

13,845 

2,21 

0,032 

0,046 

1,16 

1,076 

1,368 

1,826 


7,25 

11,235 

0,33 

0,33 

1,05 

2,20 

4,96 

1,54 

0,046 

0,046 

0,145 

0,304 

0,685 


6,95 

4,26 

0,24 

0,26 

0,36 

0,26 

0,24 

0,614 

0,035 

0,037 

0,052 

0,037 

0,035 


Table XIII. Pressure measurements on airfoils C, D, and £. 



Po — Pa 

pa 

Pi 

P2 

Pz 

Pa 

Pi 

P2 

Ps 


po — pa 

po — pa 

| po — pa 

Po — pa 





C 2 ( 

8,06 

21,37 

9,18 

9,36 

10,25 

10,13 

2,65 

1,138 

1,16 

1,27 

| 1,256 

tm = 16 °C | 

8,01 

15,38 

1,34 

2,53 

2,36 

1,92 

0,167 

0,316 

0,295 

l 

7,95 

13,175 

0,295 

0,30 

0,30 

1,66 

0,037 

0,038 

0,038 

C 1 

8,03 

21,54 

16,33 

16,87 

18,13 

2,68 

2,017 

2,1 

2,26 

tm = 16° 0 | 

8,075 

20,44 

6,03 

5,98 

7,00 

2,54 

0,748 

0,741 

0,868 

7,89 

16,72 

0,55 

0,84 

1,86 

2,12 

0,07 

0,107 

0,236 

Cn 

7,29 

16,89 

11,51 

11,70 

12,84 

2,25 

1,58 

1,61 

1,764 

/ to = 16° C 1 

7,54 

15,40 

10,38 

10,65 

11,89 

2,04 

1,377 

1,413 

1,578 

7,31 

8,075 

0,58 

1,19 

2,38 

1,105 

0,079 

0,163 

0,326 

Z >, f 

6,88 

11,78 

8,88 

8,83 

9,01 

1,71 

1,29 

1,283 

1,31 

tm — 13,2° C 1 

6,68 

4,31 

1,51 

1,32 

1,70 

0,645 

0,226 

0,198 

0,255 

6,78 

0,30 

0,265 

0,275 

0,28 

0,045 

0,039 

0,041 

0,042 

E 2 f 

6,68 

3,61 

0,18 

0,26 

0,26 

0,54 

0,027 

0,039 

0,039 

tm — 13,2° C | 

7,21 

5,505 

2,73 

2,86 

3,17 

0,763 

0,379 

0,397 

0,44 

7,31 

19,71 

17,12 

17,15 

17,44 

2,7 

2,34 

2,35 

2,39 

E 5 

6,68 

3,77 

0,22 

0,24 

0,285 

0,565 

0,033 

0,036 

0,043 

tm — 13,2° C j 

6,96 

11,68 

8,32 

8,33 

8,985 

1,678 

1,195 

1,197 

1,29 

7,1 

20,37 

16,95 

17,12 

17,67 

2,87 

2,39 

2,414 

2,49 
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Table X7. Vs/Vi against T 2 /T a and m 



T 2 /T a = 2 

4 

6 

8 

10 

m = 1 , 1 

2070 

4.27 x 10 6 

3.63 X 10* 

3.75 X 10 9 

ion 

1.2 

64.0 

4096 

4.65 X 10 4 

2.62 x 10 s 

10 6 

1.3 

20. 2 

408 

2350 

8130 

2.14 X 10 4 

1.4 

11.5 

127 

524 

1440 

3170 
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Figs. 1,2, 3, 4, 5, 6 



Figure 1.- Negative pressures 
produced by acceleration. 


Figure 2.- Vortex curves in 
turbulent motion. 



Figure 3.- Parallelepiped flat 
in stream direction. 



Figure 4.- Van der Waals 
isotherm. 



Figure 5.- Preliminary 
nozzle tests. 



Figure 6.- Test nozzle with pressure taps. 







Figs. 7,19 


Figure 7. - 
Set-up 
of test 
nozzle 
and 

manometer. 







Figure 19.- Experimental arrangement 
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Figs. 8,9,10,13,14 



Figure 8.- Pressure rise in 
flow without cavitation. 



Figure 9.- Pressure at through 
flow of 1.47 1/b 
with different throttling. 



Figure 10.- Pressure at through 
flow of 1.69 1/s 
with different throttling. 




Figure 13.- Pressures 

Pll to P15 
at different positions 
of pressure pumps. 


Figure 14.- Relative pres- 
sure rise 
(direct measurement). 


to which the shock reaches 


Figure 11.- Film 
records of 
bubble formation 
in divergent chan- 
nel, severe throt- 
tling. 


Figure 12.- Film 
records of 
bubble formation 
in divergent chan- 
nel, slight throt- 
tling. 




Figure 32.- Bubble 
formation 
behind sphere. 

Figure 33.- Cavitatio 
behind sphere 




Figure 22. -Airfoil A. 
Start of separation. 



Figure 23. -Airfoil A. 

Separation extends 
beyond trailing edge. 



Figure 24. -Airfoil A. 
Complete separation. 



Figure 25.- 
Airfoil C. 
Separation 
to 1/4 chord. 


Figure 26. 

Airfoil C 
Separation 
beyond 
trailing 
edge. 



NACA TM No. 1078 Figs. 11,12,22,23, 

a . 24,25,26,32,33 
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Figs. 15,16,17*18 ,80 




Figure 15.- Hypothetical form 
of pressure pump. 


Figure 16.- Relative pressure 
rise (by assumed 

form of pressure pump of fig. 15) 



Figure 17.- General 
arrangement 
of the large cavita- 
tion-test plant . 


Figure 20.- Frame 
for 

attaching airfoils. 
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Figs. 81,27,83,89, 30 



• No cavitation* 

+ Shook at l/2t chord 
° Shock at chord t 
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Figure 21.- Airfoil sections. 

• Start 


• Start 

+ Trailing edge 


+ Trailing edge 


Figure 30.- Pressure 
distribution 
on suction side of 
airfoil A at 2° angle 
of attack (As). 




Figure 27.- p-q 
plot 

for airfoil A at 
d = 5° . 


Figure 28.- p-q plot 
for airfoil 
B at d *= 2° . 


Figure 29.- p-q 
plot 

for airfoil C at 
06 = 7°. 
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Figs. 31,34,35,36 



Figure 31.- 

Arrangement 
of experimental 
sphere. 




(a) Without cavitation. 

(b) Cavitation as in fig. 33. 

(c) Cavitation as in fig. 33. 

Figure 34.- Pressure measure- 
ments on sphere. 


Figure 35.- Variation 
of inside 
and outside pressure. 



Figure 36.- Size of bubbles 
during shock. 
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Figs. 37,38,39,40 




Figure 39.- Density of 
water plotted 
against pressure 
(Bridgman) . 


Figure 38.- Pressure 
distribution 
in a channel computed 
for different back 
pressures . 



Figure 40.- Shock pressure 
plotted against 
relative velocity. 
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